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SUMMARY
Crystallographic investigations have been carried out on 
llH-benzo[b] indeno [3 ,2-e] pyran and i t s  2-bromo-substituted derivative, 
and the crystal structure o f  both compounds has been determined.
The in ten sity  data for both compounds was co llected  on a 4-c irc le  
s in g le -cry sta l diffractometer which was in i t ia l ly  se t  up by the author 
who also spent a period o f two weeks in  Western Germany as guest o f  
Siemens, A.G., Karlsruhe, and the Max-Planck In stitu t fur Eisweiss und 
Lederforschung, Munich, Thus, a small section  o f  th is work has been 
devoted to the practica l d eta ils  relating  to the mode o f operation o f  
th is  instrument,
2-bromo-llH-benzo[b]indeno[3 ,2-e] pyran cry sta llise s  in  the mono­
c l in ic  system: a = 7.508, b = 5.959, c = 26.172 X, $ = 92.55^,
2 = 4 , space groiip P 2 i/c , The structure was solved by Fourier methods 
and refined by fu ll-m atrix le a s t  squares to R = 0.072.
ilH-benzo[b]indeno [3 ,2-e] pyran cry sta llise s  in  the orthorhombic 
system: a = 22.425, b = 5.816, c = 16.398 X, 2 = 8, space group 
Pca21 . This structure, solved by d irect methods and refined by fu ll-  
matrix le a s t  squares to R = 0.1.22, i s  characterised by having two 
molecules per asymmetric unit related by a pseudo-centre o f symmetry.
Both molecules show a non-planar configuration and lack of aromatic 
character within their central regions.
Molecular orb ita l calculations by HUckel and CNDO methods have 
been carried out on both molecules and a comparison o f the calculated and 
experimental bond lengths has been made. The resu lts o f  these ca l­
culations have also been used in  an attempt to explain the characteristic  
mode o f  packing o f  the two molecules.
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1. MOLECULAR ORBITAL THEORY APPLIED TO TFIB 
CONCEPT OF ARQM/VTICITY
1.1 Benzene and i t s  homologues
Benzene is  the sim plest aromatic compoiind; th is term is  applied 
to  molecules having structural and chemical properties sim ilar to 
those of benzene.
Kekule, who consolidated most o f  the early views concerning 
aromatic compounds, assigned the f ir s t  d efin ite  structural formula to 
benzene in 1865. He proposed that s ix  carbon atoms lay at the comers 
o f  a regular hexagon and tliat one hydrogen atom was joined to each,
CD .
I
• However, because o f the tetravalency o f carbon, i t  was essen tia l 
to  introduce three double bonds in a continuous conjugation, which 
in ç lie s  an alternation of sin g le  and double bonds, (II ).
n
“ 2 "*
Objections to tîiis formula arise when one considers ortho 
di-substitu tion  becatise t,vo d is tin c t products of.the type 
would be expected. In one (I I I ) , tJie two carbon atoms carrying the
m IV
Y groups are linked by a double bond, but in the other, (IV), they are 
linked by a sin g le  bond. Since two ortho di-substituted compounds 
could not be iso la ted , Kekule proposed in  1872 tliat the positions of  
the double bonds were not fixed , but that an equilibrium ex isted  between 
two structures (V and VI) which was so mobile that the individual isomers 
(III) and (IV) could not be iso la ted .
VI
In fa c t, i t  has been found that in  neitlier benzene nor i t s  
derivatives do molecules of two structures ex ist  in  mobile equilibrium.
Measurements of interatomic distances by botli electron and X-ray
diffraction  resu lt in  a carbon-carbon bond lengtli o f  1.398 X, which 
l i e s  between the standard sin g le  C-G bond and double C-C bond distances 
of 1.54 X and 1.33 X respectively .
I t  is  now desirable to introduce next tlie concept o f  atomic and 
molecular orb ita ls , in  order to obtain a more accurate representation 
o f tlie structure o f benzene and other molecules,
1.2 The Schrodinger equation
In 1927, Heisenberg postulated the liicertainty Principle. B riefly , 
th is  sta tes  tliat in  considering tlie motion o f a minute partic le  such 
as an electron, there i s  no way o f measuring exactly i t s  v e lo c ity , nor 
i s  there any way o f locating i t  exactly at any given moment. 
Consequently, i t  was necessaiy to abandon the Bohr picture of an atom 
as a nucleus with electrons revolving about i t  in  clearly  defined orbits 
and to seek an alternative description.
I t  i s  knoivn that a wave may be associated with a moving p artic le  
and a wave equation may be used to describe i t s  motion. I t  is  
consistent with the uncertainty principle to define a probability  
function, p (x ,y ,z ) , which w il l  vary according to the probability with 
which the p artic le  w ill  be found at any particular point x , y , z. The 
p artic le  is  most lik e ly  to be found in regions where p (x ,y ,z) is  
greatest. I f  p(dx dy dz) 5 p[dr) is  the probability that the p artic le  
i s  in the small volume dx dy dz surrounding the point x , y , z , then
|p  dr = 1 (1)
where the integration i s  over a l l  space.
Since the to ta l energy density o f a wave is  proportional to tlie
square of the aiïÇ)litude and i f  the ■solution o f the wave equation for a
sin g le  partic le  is  a function whidi we may write as 4; (x ,y ,z ) , tlien
p(x,y ,z) oc i|j2(x,y,z3 (2)
I f  we can write p (x ,y ,z) -  i|;^(x,y,z), tlie wave function is  said  
to be normalised, in which case
P (x ,y , z )  = 4i^Cx,y,z)  ( 3)
We see that foiming a wave equation for a particular system and solving  
i t  allows us to obtain a measure o f  tlie probability density p (x ,y ,z ). 
However, a wave equation has an in fin ite  number of solutions and in  the 
case o f an electron bound to an atom, acceptable wave functions must 
sa tis fy  certain cr iter ia . This implies tliat i t  is  only for certain  
values o f the energy that tlie re ex is t  physically s ig n ifica n t probability  
functions; they are called  stationary s ta te s , since they correspond to 
a constant energy o f the particular system.
lbe_hxdrggen_atom
We can make use o f the above ideas in  deriving the wave functions 
and corresponding energies for the hydrogen atom, a simple one-electron 
example which can be solved exactly.
According to the Bohr theory, the radius a  ^ o f tlie lowest energy
electron orbit is  given by
(4)
where m and e are the mass and charge of the electron respectively and 
h i s  Planck’s constant.
Wave mechanical tlieory sta tes tliat th is electron can be described 
by a wave equation whidi may be solved for the values o f  ip.
The energy E o f the system can be written as
E = T + V . (5)
where T and V are the k in etic  and potential energies o f the system 
respectively.
Now, for a sing le  p artic le  o f mass m moving along the x-axis in  
a potential f ie ld  V(x), (5) would read
+ V(x) = E (6)
Since the momentum (p) o f  the p artic le  is  given by m [^ ) , (6) can
be w ritten as
ë  + VW = E (7)
The rule for converting an equation sudi as th is into a wave equation 
r
Thus p  ^ is  given by
is  to eplace p by ^  , where h is  Planck’s constant and i  =
h d h d _ -h^ d^
2iri dx ' 2ïïi dx 4tt^  dx^
and (7) can be written as
The left-hand side o f (8) is  an operator, with respect to the variable 
X, and we now introduce the wave function %jj; in  th is example  ^ is  only 
a function o f x, hence
^  ® 'I'M
which can be rearranged to
^  ^  (E - V) t|) = 0 (11)
For a p artic le  in  a general potential f ie ld  we have
S  -  $ 1  -  S   ^Ç a  CE - V) ^  = 0 ' (12)
— 6 —
or
v^ 'l' + (E -  V)  ^ = O' (13)
In the hydrogen atom, the electron partic le  moving in  three-
dimensional space has k in etic  energy g m  ^ , and
i t s  potential energy is  -e^/^, where r is  tlie distance between the 
electron and the nucleus o f charge e. Hie wave equation is  w ritten as
^  (E + 1^) 1|> = 0 (14)
I t  is  now necessaiy to find particular values of the energy E for 
which the wave functions exhibit the necessary properties o f being 
f in it e ,  single-valued, continuous, of continuous gradient and which can 
be normalised. I t  may be v er ified  that (14) i s  sa t is f ie d  by the solution
ij; = e (15)
where k = and E =li'^ 8 it m
From (4) we have
k = | -  • (16)
and
• (17)
Thus, one solution o f the wave equation is  -  e i t  corresponds to 
the lowest electronic energy lev e l (Is) for the hydrogen atom.
From th is resu lt, i t  can be shown that the probability density is  
1
Before illu stra tin g  tlie shape'of th is orb ita l, i t  may be noted
tliat further solutions of th is wave equation may be ver ified . In 
particular, we ha.ve
7 -
4* ~ re (2s)
4 = xe (2p^)
4 = ye (2Py)
4 = ze (2p^)
Atomic orbitals
The boundary surfaces o f  these functions define in shape an atomic 
orb ita l. These surfaces can be thought o f as describing a volume about 
the nucleus which contains, for example, 90% of the electron ic charge.
Figure 1 shows the shape o f these boundary surfaces for the I s ,  2s 
and 2p orb ita ls. Only s-type orb ita ls are spherically symmetrical, the 
2s having a larger radius and energy than the Is .
The tliree equivalent 2p orb itals are directed along axes at r i^ it  
angles to  one another, and the orbitals are not spherically symmetrical 
about the nucleus. A nodal plane, over which \fj = o ,  separates the two 
lobes o f each o f these o rb ita ls .
The 3s and 3p sta tes  are sim ilar to the 2s and 2p sta tes  but are of 
higher energy. The 3d and 4f orbitals have s t i l l  higiier energies and 
quite d ifferent geometries but for th is discussion, they w ill  not be 
required.
For any atom, each orb ital may contain two electrons whidi must, 
from P au li’s princip le, be o f opposing spin. I f  we assume that a l l  
atomic nuclei have orbitals lik e  those of the hydrogen atom, we can see 
how more complex atoms can be b u ilt  up by adding electrons to the 
orbitals in  order o f increasing energy.
2 PX
Figure 1
Boundary surfaces for the I s ,  2s and 2p atomic orb ita ls
“ 9
Electronic configuration o f the carbon èaid oxygen atoms
Since th is tliesis is  concerned witii organic compounds, i t  is  
informative to consider the electron ic configuration of carbon and 
oxygen.
In the carbon atom, there are s ix  electrons to be fed into the 
atomic orb ita ls. Hie Is and 2s orb itals eadi accommodate two electrons 
with an ti-parallel sp ins. The remaining two electrons occupy tlie 2p 
orb ita ls , one electron in  the 2p  ^ and the other in  the 2p^ . orbital witli 
fo-VscA- spin in  accordance with Hund’s rule. The 2p  ^ orb ital is  
unoccupied.
For oxygen, the same situ ation  occurs with the Is and 2s orb ita ls . 
One electron occiçies one each of tlie p^, p  ^ and p  ^ orb ita ls . The 
remaining electron then f i l l s  the p^ orb ital so that the two electrons 
have opposing spin.
Both these configurations are shown schematically in  Figure 2.
1.3 Bond formation using atomic orbitals
We accept that a chemical covalent single-bond between two atoms 
involves sharing a pair o f electrons betv/een the /tivo atoms. Using 
atomic orb ita ls , we can show how they are used in bond formation. Thus, 
s in g le  bonds are formed by the pulling together o f atomic nuclei through 
attractive forces exerted by electrons having paired spins ( f l)  in  
overlapping orb ita ls . Figure 3 shows the overlap of the Is orbitals o f  
two hydrogen atoms to form a hydrogen molecule. This type o f bond is  
called  a o-bond. In any bond formation, tlie direction o f a bond w ill  be 
sudi as to have tlie orbitals o f  tlie bonding electrons overlapping as
10 -
A
2 P
2 s
1 s
2 s
© o o
1 .  ®  I » )
Figure 2
Electronic configuration of carbon and oxygen
“ 11 -
1 s 1 s
H - H
Figure 3
Formation of. a hydrogen molecule
-  12 -
mudi as possible for a given intem uclear distance.
This concept applies also to bonds between s -  and p -orb ita ls.
Thus, for bonding of a hydrogen atom by i t s  Is orbital to  a given 
p“orb ita l, tlie hydrogen nucleus w il l  l i e  along tlie axis o f the p -orb ita l, 
since tliis  gives the maximum overlap for a given degree o f  intem uclear  
repulsion, Figure 4.
I t  is  also possible to have bonds between overlapping p orb ita ls , 
and the distribution  o f  the p orbitals about the nucleus leads to the 
expectation that p bonds should be at right angles to one another.
Figure 5. Tliis sidewise overlap is  termed a ir-bond.
Strength of bonds
The strongest bonds are formed where the overlapping o f atomic 
orbitals is  a maximum. On th is b a sis , we can expect differences in  
bond-forming power for s and p orbitals since they have d ifferent 
radial d istributions, Tlie re la tiv e  s izes  for 2s and 2p orb ita ls are 
1 and / Z  respectively. The shape o f tlie p orbitals leads to the 
expectation that they should be able to overlap other orbitals b etter  
than s orbitals and hence, that p (tt) bonds should be generally stronger 
than s (o) bonds.
Hybridisation
Simple a or TT overlap does not explain how tetravalent carbon 
compounds can be formed, since there is  no way in which we can obtain 
a regular tetrahedral arrangement o f atomic orb ita ls .
- 13
2 P
- | -
1 s
Figure 4
Overlap of an s and p orbital to form a a-bond
- 14-
a.
r r
T T
TT
T T
Figure 5
Overlap of two 2p atomic orbitals  in the formation 
of  a TT-bond
15
Consider tlie case o f  an s. and a orb ita l available to form two 
bonds, Figure 6  (a ). Neitlier the s nor p orbitals can u t i l i s e  a l l  of  
th eir  overlapping potential for an s orb ital o f another atom along, 
the x-axiso However, i f  we can combine these orbitals in  such a way 
as to u t i l i s e  more o f the overlapping power o f the orb ita ls , we should 
have stronger bonds and more stable molecules. In th is  case, mutual 
reinforcement o f the s and p orb itals w ill  be most e ffec tiv e  along 
the x-ax is. This sp-hybrid orb ital is  shown diagrammatically in  
Figure 6 (b). Botli lobes of tlie hybrid orb ita ls can be used for bond 
formation and bond angles of 180° are expected.
Sim ilarly, a linear combination o f an s orbital and two p orbitals  
gives an sp^ hybrid and an s orb ital and three p orbitals gives an sp^ 
hybrid. The sp  ^ orb itals have tlie ir  axes at 120° to one another in  a 
common plane because the p orbitals are then u t il is e d  most e ffe c tiv e ly .  
For sp  ^ hybrid o rb ita ls , a tetrahedral arrangement is  obtained. Both 
these combinations are shorn in Figure 7 and Figure 8 respectively .
1^ lecu l ar__ orbit al_ structure^ o f__ benzene.
Benzene can be considered to be mainly a resonance hybrid of the 
two c la ss ica l Kekulé structures (V) and (VI) , and the nature of the 
hybrid can be explained in terms of molecular orb ita ls . Sp^  
hybridisation o f tire 2s ,  2p^ and 2p^ orbitals o f any one atom give 
three a-type molecular orb itals whose axes make angles o f 1 2 0 ° with 
one another in one and the same plane. The remaining p -orb ita l, 
containing an unpaired electron, remains around each carbon atom.
Figure 9(a ). I f  these p-orbitals overlapped in  three p a irs. Figure 9(b), 
one o f the Kekuld structures would be obtained, whereas overlap as in
16 -
Figure 6
The formation of an sp-hybrid orbital
17
Figure 7
The formation of an 
sp^“hybrid orbital
Figure 8
The shape of an 
sp^-hybrid orbital
- 18
a.
d.
b. c .
e .
g.
Figure 9
Molecular orbital  structure of benzene
- 19 -
Figure 9(d) would resu lt in thé other Kekuld stincture. However, 
since any p-orbital overlaps botli p-orbitals on eadi side of i t  equally 
w ell, a l l  s ix  orbitals overlap one anotlier giving a orb ital of  
hexagonal symmetry above and below tlie plane of the o-bonds, Figure 9 (9 ) .
Resonance energy
It  is  in teresting to examine b r ie fly  the extra s ta b ility  imparted to 
benzene and other aromatic molecules by resonance; th is can be done by 
evaluating a resonance energy.
The heat o f formation o f benzene found from i t s  heat of  
combustion (789.2 kcal. mole and the heats o f formation o f the products 
o f combustion, water and carbon dioxide, to have the value 1323 kcal. mole
The sum o f the bond energies 6 (C - H) + 3(G - C) + 3(C = C) gives the 
value 1286 kcal. mole  ^ (Pauling, 1967) for the heat o f formation o f a 
hypothetical molecule with one o f  the Kekulë structures. The difference 
o f  37 kcal. mole  ^ i s  a measure o f the resonance energy o f the molecule 
within tliis  molecular orb ita l valence description.
Polycyclic.aromatic^hydrocaA
In napthalene. Figure 10(a), tlie re are ten ir-electrons, or fiv e  to 
each ring. Consequently, two adjacent sextets o f m-electrons are shared, 
and two electrons are common to*' both sextets ; each ring can be thought 
of as possessing four ir-electrons and sharing two. In anthracene.
Figure 10(b) and phenanthrene. Figure 10(c), there are fourteen 
ir-electrons. The de lo ca lisa tio n  o f ir-electrons resu lts in a much 
increased s ta b ility  for the, molecules in terms o f the resonance energy, 
as shown below.
20 -
a
b
Figure 10
(a) Napthalene
(b) Anthracene
(c) Phenanthrene
2 1 -
r :
Antliracene . 105 kcal, mole
Naphthalene . 75 kcal. mole
-1
Phenanthrene 110 kcal. mole ^
Hückel (1931) recognised that (4n + 2) w-electrons imparted 
s ta b ility  to completely conjugated po^^cyclic systems, where n is  an 
integer. Interpreted from a molecular orbital viewpoint, Hückel’s rule 
impies that s ta b ility  is  attained when a l l  the molecular orb itals at a 
given energy le v e l are completely occupied.'
Heterocyclic aromiatic compounds
Aromatic character is  exhibited by six-membered heterocyclic  
compounds such as pyridine, in  which = CH- is  replaced by = N-. In a 
sim ilar way, a p ositive oxoniimm. oxygen atom = 0^- can also replace = CH- 
in  a benzene ring, leading to the aromatic pyrilium cation (VII).
v n
However, Arimit and Robinson (1925) pointed out that i t  was unlikely  
that a s ta b ility  comparable with tiiat o f benzene would be shorn by these 
compounds.
1.4 Cyclopenta [b] pyrans
This group of compounds, represented by (IX), can be thought of as 
derived from azulene (VIII) by replacement o f -CH = CH- by -0 - ,  and, 
hence, they bear the same relationship to azulene as furan does to benzene.
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VIEE IX
The cyclopenta [b] pyrans may be represented as resonance hybrids 
between the Kekule structure (X) and the dipolar form (XI), in  Miich 
each ring has a share o f  an aromatic sextet.
X XI
I t  is  to be expected, therefore, tliat compounds containing the 
cyclopenta [b] pyran moiety would be aromatic in character.
As part o f  an investigation  into th is feature, a compound 
containing the cyclopenta [b] pyran moiety was prepared and a s in g le­
crystal X-ray investigation  undertaken in Order to determine the 
interatomic distances and then to conpare them with theoretica lly  
calculated values.
llH-benzo [b] indeno [3 , 2-e]pyran
An important consideration in preparing a cyclopenta [b] pyran
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derivative is  that the moieties added should be k n o w n  to be aromatic.
To tliis  end, the conpound llH-benzo[b]indeno[3 ,2-e]pyran (XIV) was 
prepared (Boyd, 1957).
The synthetic route is  illu stra ted  in  Figure 11. Equimolar amounts 
o f indan-2-one (XII) and salic>'‘laldehyde (XIII) were heated in  ethanolic  
solution  in the presence of piperidine acetate. Figure 12 illu stra te s  
the numbering sdieme used for the conpound.
The 2-broiw derivative of llH-benzoJb] indenoj3 ,2-e]pyran
In order to estab lish  the molecular conformation o f  llH-benzo [b]-  
indeno[3 ,2-e]pyran, i t  was decided, in i t ia l ly ,  to examine the heavy-atom 
derivative 2-bromo-llH-benzo[b] indeno[3 ,2-e]pyran, a lthou^ i t  was f e l t  
that atomi'c positions and hence bond lengths in this conpound should be 
interpreted with caution in  conjunction with tlie theoretical studies 
because of the influence o f the bromine atom. Nevertheless, a prior 
knowledge o f the molecular conformation was thought to be of great use. 
Hence, the 2-bromo derivative was prepared as above using 5-bromo 
salicylaldéhyde in  place o f (XIII).
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The preparation of llH-benzo[b]indeno[3,2-e]pyran
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2. TI-IE CRYSTALLOGRAPHY OF 2-BRŒD-11H-BENZ0[b]
INDENO [3 , 2-eJ PYRAN
The solution o f the crystal structure of 2-bromo-llH-benzo[b] 
indeno[3 , 2-e]pyran w ill  be discussed under two main headings; the 
experimental study, involving tlie preparation o f a se t  o f  absolute 
IF|-values, and the interpretive study based on tliese |f |-v a lu e s .
THE EXPERIMENTAL STUDY
2.1 Preliminary study of 2-bromo-llH-benzo[b]indeno[3 ,2-e]pyran
A saiiple o f 2-bromo-llH-benzo[b]indeno[3 ,2-e]pyran, CigHgOBr,
(BBIP) was prepared by Dr. G. V. Boyd o f Chelsea College o f Science 
and Technology and made available tlirougli his courtesy. A sample was 
re cry sta llised  from toluene and the melting point taken [215^ - 216°C). 
The crystals were a deep-red colour in  d a y li^ t  although very thin  
sections appeared orange. They were elongated in  one direction; the 
habit is  illu stra ted  in  Figure 13(a). Many crystals were very long 
(r approximately 1 cm.) and very thin (q le ss  than 0.1 mm.) ; the third  
dimension averaged 0.2 mm.
Measurement of the in ter fa c ia l angle p'^ q gave a value of  
92^ -  93°. Cleavage o f tlie crystals perpendicular to the needle axis 
often resulted in new bounding faces being developed. Tlie angle 
between these new faces was found to be 143° -  144°, Figure 13(b).
Microscopic examination of tlie crystals in  plane-polarised white 
l i ^ t  revealed p ara lle l extinction  on the.faces pr and qr. Observations 
on the face pq revealed oblique extinction altliough great d iff ic u lty  
was experienced in cutting tliin s l ic e s .
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Conoscopie examination on the face pr revealed a very d iffuse  
interference figure witli the melatopes outside the f ie ld  of view. An 
objective lens o f numerical aperture 0,92 s t i l l  fa iled  to reveal tlie 
melatopes and thus, i t  was possible tliat pr was a section  normal to 
the obtuse b isec tr ix . However, attempts to obtain interference figures 
on the other tvTO faces fa iled .
Unit c e l l  dimensions and space group
Exploratory symmetrical o sc illa tio n  photographs talcen about the 
axes p, q and r in  turn revealed two-fold symmetry p ara lle l to r and 
mirror symmetry perpendicular to th is direction. Approximate unit c e l l  
dimensions measured with a Be m al chart gave the values:
a % 7.92 S 
b z S .84 S 
c Z 26.13 S
These were related to the c iy sta l morphology as a //p , b / /r  and c //q .
F lat-plate Laue photographs taken witli the incident beam p ara lle l 
to r gave a projection symmetry of 2, while m symmetry was observed with 
the beam p arallel to both p and q. This confirmed that the crystals  
belonged to the monoclinic system, with the morphological needle axis 
as the cryst a lio  graphic b ax is. A selection  o f tliese photographs is  
shorn in Figure 14.
The studies with a Weissehberg goniometer were undertaken in order 
to both determine the space-group and verify  the unit c e l l  constants.
The b axis was diosen for th is investigation  sin ce, in  a single  
mounting, the unit c e l l  constants could be completely characterised.
Figure 13
(a) The habit of BBIP
(b) New bojding faces developed (dashed l ines)  
after  cleavage perpendicular to r
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Figure 14
(a) 10° symmetrical o sc illa tio n  photograph about the needle-axis 
of BBIP
(b) Flat-plate Laue photograph with the beam parallel to the needle axis o f BBIP.
-  30 -
A prelinmiary o sc illa t io n  photograph was talcen and the crystal 
adjusted by tlie modified Weisz and Cole method. Next, a s e t  of
Weissenberg photographs, zero, f ir s t  and second layers was taken.
No sym etry relationships were observable on the zero-layer 
Weissenberg photograph indicating that the needle axis was the b axis 
of a monoclinic crystal and the g-angle was chosen as 93°.
Comparison with f ir s t  and second layer photographs indicated  
systematic absences of the type 
hoi : 1 = 2n + 1
From a-axis Weissenberg photographs, the only systematic absences 
observed were
oko ; k = 2n + 1
ool : 1 = 2n + 1
These photographs established the space group as P 2 i/c . The 
unit c e l l  constants were remeasured on the Weissenberg photographs.
No substantial differences were noted. A se lection  of these 
photographs is  shown in  Figure 15,
F inally , i t  is  wortliwhile to record that in choosing the g-angle
* ofrom the hoi photograph, anotlier a axis which gave a g-angle of 143
was noted. This was tlie angle which was developed about the needle
axis upon cleavage and corresponds to space group P2i/n.
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Density
The dens it}'" o f BBIP was measured by flo ta tio n . An aqueous solution  
o f sodium iodide was prepared and placed in a stoppered measuring 
cylinder whicli was then suspended in  a thermostat bath at 25°. A second 
solution  o f saturated sodium iodide was prepared in  a small fla sk , which, 
together with a flask  o f d is t i l le d  water, was also suspended in the bath. 
A few small crystals o f BBIP were examined under a microscope to detect 
the presence o f adhering material and then placed in the measuring 
cylinder. The concentration o f sodium iodide was adjusted by means of
the other two solutions u n til a f lo ta tio n  equilibrium was attained. The 
density o f the solution was measured by weighing a Imown volume of i t  in 
a previously calibrated sp e c if ic  gravity b o ttle .
The density (d^) o f  BBIP thus determined was 1.68(1) g.cm The 
nunber o f molecules per unit c e l l ,  Z, was calculated according to the 
equation:
d  ^ = 1.6602 2 M/y (19)
where M is  the molecular weight, 1.6602 x 10 is  the mass in  grams of
a hypothetical atom o f unit atomic w e i^ t  and V is  the volume of the
unit c e l l  in  For BBIP, M = 297.2 and Z = 3.98. The density 
calculated from (19) taking Z = 4 was 1.688 g.cm 'j
: u -a \ V  c e l V  v c \  u m e
Linear absorption co effic ien t u
The linear absorption c o e ffic ie n t, y , was calculated from the 
relation
U = i f )  C20)
where p and (y/p) are the density and mass absorption co e ffic ien t,
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Figure 15(a)
hol-Weissenberg of BBIP Cu-unfiltered radiation
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Figure 15(b) 
h11-Weissenberg of BBIP Cu-filtered  radiation
Figure 15(c)
okl-Weissenberg of BBIP Cu-unfiltered radiation
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respectively o f the crj^'stal. Hie mass absorption co effic ien t for the 
crystal was calculated from tlie individual mass absorption coeffic ien ts  
o f the individual elements. Hius, the linear absorption co effic ien t  
for tlie crystal is  given by
 ^ + Po(#)0 + (21)
where P is  the fraction by weight o f each element in the conpound. The
value o f y was calculated as 48 cm (Cw ICoi")
I
2.2 The Siemens 4-d e l e  diffractometer ------------   A----- -------------
I t  was decided to record the in ten sitie s  of the reflexions on an 
automatic 4 -c irc le  diffractometer. Throughout the course o f th is work,
much use has been made o f th is instrument, and i t  is  f e l t  that a
description o f i t  would be useful at th is point.
The instrument used is  manufactured by Siemens A.G., Karlsruhe, 
West Germany, under the name A.E.D. (automatische e in k r ista ll  
diffraktometer). Figure 16 is  a view of the instrument with the main 
features marked.
The A.E.D. comprises three separate u n its, the X-ray generator, 
measuring and control equipment and the diffractometer cradle.
Generator and X-ray tube
The generator contains a l l  the equipment for generating, se ttin g  
and adjusting the power levels  required for operating tlie X-ray tube. 
The high-voltage and tube current are sta b ilised  to 0.1%, within a 
variation o f mains voltage of up to 10%. This s ta b ilisa tio n  is  o f the
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utmost inportance for th is type of instrument. Any variation in  tlie 
power supplied to the X-ray tube w ill  be reflected  in the in ten sity  o f  
the primary beam, and hence tliat o f the reflexion under consideration,
Tlie re la tiv e ly  short time for which any reflexion is  measured means 
that fluctuations in the primary beam w ill  give unreliable in ten sity  
data. The marble top o f the generator table serves as a rig id  support 
for the diffractometer cradle and X-ray tube, Wiich are bolted together 
to form one unit.
Hie collimating and f ilte r in g  system comprises a pinhole diaphragm 
and tube for collim ation. Figure 17(a), and two circular d iscs , three- 
and s ix -h o le , for the f i l t e r s .  The collimators range in  s ize  from
0.4 mm. to 1.0 mm. in  steps of 0.2 mm. Thus, i t  i s  possib le to se le c t  
a s iz e  o f collimator sucli that the crystal under investigation  is  wholly 
immersed in the beam while scattered radiation, Wiidi constitutes  
unwanted background, is  kept to a minimum.
The two discs are illu stra ted  in  Figure 17(b). These two d iscs, 
together with a synchronous motor comprise the f i l t e r  assembly. The 
f ir s t  d isc has three openings; two o f them are used for housing Ross 
f i l t e r s  (Ross, 1926, 1928; Kirkpatrick, 1939, 1944), and the third can 
be f it te d  with a Kg f i l t e r .  IVhen th is d isc i s  in  the rest position , 
i t  completely covers tlie primary beam outlet and can be released from 
th is  position  only by a command from the control equipment. The second 
disc has s ix  borings, the f ir st , o f  which is  open while the remainder 
have attenuation f i l t e r s  o f increasing absorption. The movement o f  tlie 
discs is  controlled by the synchronous motor.
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1. X-ray generator
2. S c in t i l la t io n  counter
3. X-ray tube
4. F i l ter  housing
5. Goniometer head
6. Control desk
7. Output punch
8. Control and measuring equipment
Figure 16
The Siemens' 4 -c irc le  s ingle  crystal diffractometer
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a :  t u b e  c o i l i m a t o r  
b: p i n h o l e  d i a p h r a g m  
c :  s u p p o r t s  
d: 3 - h o l e  d i s c  
e :  6 - h o l e  d i s c  
f ; g e a r  d rive  
g :  s y n c h r o n o u s  m o t o r  
h : X - r a y  t u b e
b a l a n c e d  f i l t e r s
8 - f i l t e r
©
1 : b l a n k
2 - 6 :  i n c r e a s i n g
a t t e n u a t i o n
Figure 17
(a) The collimating and f i l t e r in g  system used on the A.E.D.
(b) The 3- and 6-hole discs for f i l t e r in g  and attenuation
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The ^  d if  fr act onie te r_ as s enib ly
The prime feature of th is assembly is  tlie Eulerian. cradle (Furnas 
and Marker, 1955). The combination of diffractometer and cradle brings 
the axes o f four c irc les  into play, as indicated in Figure 18. Hie 
counter rotates about the axis o f the horizontal 29-circle of the 
diffractometer. The w -circle of the cradle is  also horizontal and 
coaxial with the 20-c irc le . The y c ir c le  is  v ertica l. The axis o f  
the ^ -circle  is  a radius o f tlie X"circle. The axes o f the four c irc le s  
in tersect at a point in  the X-ray beam, and th is common in tersection  
must always be accurately occupied by the crystal (or by the origin of 
the reciprocal la t t ic e ) .
The 20 range on the A.E.D. is  -10° to +143°. The small negative 
angular range is  imposed by the so lid  y  c irc le  and the space occupied 
by the precision mounting of the w- and 26-c irc le s .
There is  no restr ic tio n  on tlie range or the driving direction of 
the 4 -c irc le . Its  zero position  can be altered arb itrarily  to coincide 
with a reciprocal la tt ic e  vector of tlie crysta l.
The Siemens* instrument is  equipped with an open quarter x -c ir c le ,  
having an angular range from -6° to +93°. Hiis c ir c le , while avoiding 
the c o llis io n a l and obscurational problems o f a fu ll  X“C ircle, lim its  
the amount o f reciprocal space available for any one se ttin g  o f the 
crystal on tlie goniometer head.. I f  th is should at any time present a 
problem, for example, in  the determination of phases by anomalous 
scattering, then a device for inverting the crystal on tlie arcs may be 
used (Brodherr, 1971).
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Figure 18 
The Eulerian cradle
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The c irc les  on t h e  A.E.D. are driven by pulse or stepping motors, 
an incremental settin g  metliod being used with one pulse representing 
0 .01°. The fin a l c irc le  positions can be checked by a coded d ig itizer  
drum/photocell method.
A useful feature o f the A.E.D. i s  that i t  can function also as a
3-c irc le  instrument. Both the w- and 20-c irc les  are driven by the 
same motor in coupled 8 : 20 geometry. However, once tlie 20-circle has 
been s e t , the two c irc les  can be decoupled, using a magnetic clutch, 
and the « -c irc le  can then be driven independently with the 20-circle  
remaining stationary.
Control and measuring equipment
There are tliree methods of diffractometer control: manual, o ff­
lin e  and on-line. Fully manual control requires the operator to s e t  
the c irc les  by hand and record the measurements by hand. O ff-line  
control requires the instrument to be dependent upon a computer but 
not d irectly  linlced to i t .  An on-line instrument is  one d irectly  
linlced to a computer.
The equipment under consideration in th is thesis is  an o ff- lin e  
instrument, using 5-track paper tape (based on Telex code) for both 
i t s  control and output functions.
The control equipment in it ia te s  tlie reading o f the instructions  
for operation from the input paper tape and performs the operations o f  
c ir c le  movements and position  die eking. It also transmits the 
in ten sity  data to the paper-tape punch.
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Quantum counters
The Geiger-Mueller end-window tube finds l i t t l e  use in  the f ie ld  
o f sin g le-crysta l diffractometry, for two main reasons. The 
comparatively long dead time o f tlie Geiger counter (about 300 ysecs) 
means that the response to tlie incoming quanta becomes non-linear at 
rather low counting rates. At rates as low as 500 c ,p ,s ,  the deviation  
from lin earity  approaches 10%, Furthermore, tlie in i t ia l  energy o f the 
X-ray quanta is  unimportant: the original quanta merely act as tr iggers, 
and tlie pulses delivered by tlie counter vary only s lig h tly  in  s iz e  
(h e i^ t  or vo ltage). Hence there is  no relation  beti\reen pulse h e i^ t  
and the energy o f  the X-ray quanta (or the wavelength o f the radiation) 
that enter a Geiger counter. I t  can be seen, therefore, that hvo of 
the most important aspects o f  a quantum counter for s in g le-crysta l 
diffractometers are not achieved. When counts of strong reflexions 
from single crystals can be as high as 10,000 c .p .s . , a counter is  
required which w il l  process these count rates lin early . Furthermore, 
extraneous radiation, such as fluorescence, needs to be f ilte r e d  out.
Proportional counters have a side windoif and are f i l l e d  with 
xenon or krypton. The long recovery period o f a Geiger counter is  due 
to the discharge spreading throughout the entire volm e o f the tube. 
However, with a proportional counter, the discharge is  confined to a 
radial area or plane normal to the axis o f the tube, located where tlie 
orig inal X-ray quantum was absorbed. As a resu lt, only that small 
portion o f the anode is  affected  by the ion sheath, the remainder being 
s t i l l  active and able to detect a second quantum shortly after t ie  
f ir s t .  The short recovery time of 0 .2  ysec. means h i^ i counting rates 
up to approximately 10® c .p .s .  can be acliieved without undue loss of  
lin ea r ity . Unfortunately, however, the l i f e  o f a proportional counter 
is  only about 10d% counts.
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A sc in t illa t io n  counter has two basic elements: a dD^'stal that 
fluoresces v is ib le  lig h t when struck by X-ray quanta and a photo­
m ultip lier tube that converts the lig h t  into e le c tr ic a l pulses. The 
crystal of t ie  s c in t i l la t io n  counter is  made from sodium iodide and is  
activated witli tia lliu m . When an X-ray quantum is  absorbed by an atom 
o f the s c in t i l la to r  crysta l, i t  produces a photoelectron and one or 
more Auger electrons which energise a large nunber o f the fluorescent 
centres located at t ie  s ite s  o f  t ie  tia lliu m  ions in  t ie  crysta l. Each 
energised fluorescent centre may emit a v is ib le  photon. With the aid 
o f reflectin g  surfaces on or near the crysta l, the lig h t is  directed  
onto the cathode of the photomultiplier tube. For about ten of these 
photons, one electron is  liberated from the cathode. These electrons 
are drawn by a potential o f about 1 0 0  vo lts on the f ir s t  of a series  
o f electrodes known as cfynodes, which co lle c t  and amplify the stream 
o f electrons from the cathode. For each electron that strik es the 
f ir s t  ^mode, a d efin ite  number o f secondary electrons is  produced and 
drawn to the second dynode where the process i s  repeated. The 
m ultiplication factor or gain is  about four at eadi dynode. Thus the 
to ta l gain in a photomultiplier tube with ten stages o f  dynodes is  of 
the order o f 4^° and the anode receives an avalanche o f electrons 
which results in a pulse that can be amplified to operate the 
diffractometer counting c irc u its .
The sc in t illa t io n  counter is  sim ilar in  two respects to the 
proportional counter. F irst, the number o f fluorescent centres 
energised by an incoming quantum depends on the energy of the quantum; 
hence, tlie pulse delivered by tlie photomultiplier is  also proportional 
to the quantum energy. Second, the fluorescent decay constant of
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sodium iodide crystals is  about 1 0 ”’' seconds; th is resu lts in a dead 
time o f about 0 . 2  ysec. and ensures linear counting rates up to very 
high in ten sity .
Figure 19(a) shows both a proportional and s c in t illa t io n  counter. 
The A.E.D. is  equipped with a s c in t il la t io n  counter and the reasons for 
choosing th is can be seen from Figure 19(b). Its quantum e ffic ien cy , 
which i s  defined as the ratio  o f  the number o f X-ray quanta counted by 
the c ircu its  to the to ta l number that strike the detector window 
(assuming that there are no counting losses due to dead tim e), is  
outstanding compared with both Geiger and proportional counters and is  
nearly 100% across the d iffraction  wavelength range AgK^  to CrK .^ The 
sc in t i l la t io n  counter also shows a marked superiority as a detector o f  
short wavelength radiation.
Unfortunately, one disadvantage o f the sc in t illa t io n  Counter is  
i t s  high background count. Ohmic leakage, thermionic and f ie ld  
emission o f electrons and gaseous ion isation  cause noise pulses of 
re la tiv e ly  large amplitudes. Consequently, i t  is  e ssen tia l that a 
pulse-height discriminator be used in  conjunction with a s c in t illa t io n  
counter.
Pulse-height discrimination
The proportionality that ex ists  between the o f radiation
absorbed by s c in t il la t io n  (and proportional) counters and the height o f  
pulses delivered to the external c ircu its  makes i t  possible to employ 
electron ic energy-selective methods to count only those pulses whose 
amplitudes l i e  between sp ecified  lim its . -The device has an adjustable 
baseline, which sets  the lower voltage lim its o f the pulse, and a
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Figure 19
(a) Schematic view of  a proportional and s c in t i l l a t io n  counter
(b) A graph of quantum counting e f f ic iency  (E) against wavelength (X) for dif ferent types of quantum counter
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channel or window o f adjustable width, which detemrdnes tlie upper 
voltage lim it. The analyser w il l  pass only those pulses whose 
amplitudes l i e  between tliese two lim its . Figure 20 illu s tr a te s  the 
benefits o f pulse-height discrimination for copper radiation,
Background
It  i s  o f in terest to mention the origin and nature o f the unwanted 
radiation that contributes to the background,
A portion o f tlie radiation is  incoherently scattered by the 
sample. This scattered radiation has the same wavelength as the 
diffracted  radiation and consequently, cannot be separated by pulse- 
height discrimination. It represents the minimum background.
Hie Kg coiîçonent o f the beam cannot be sa tis fa c to r ily  separated 
from the radiation by pulse height discrimination because o f the 
small energy difference between the lin e s . I t  can be mostly removed 
by passing the primary beam or tlie d iffracted  beam through an 
appropriate f i l t e r .
The white radiation o f tlie continuous spectrum is  always present
in  tlie primary beam and is  d iffracted  and incoherently scattered by
the sample. The in ten sity  o f th is undesirable radiation is  reduced by
the B f i l t e r ,  but a large proportion passes on to the counter and adds
oto the background. This radiation has a peak in ten sity  near 0.5 A at 
35 T 40kV. Its wavelength is  therefore close to tlie wavelengtli o f  
MoK^  and AgK^  radiations. Hie aiiplitude ranges overlap to such an 
extent that pulse-height discrimination is  not as e ffec tiv e  as i t  can 
be for longer wavelengtli radiation.
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Fluorescent X-rays may be generated in the specimen. This 
radiation always has a longer wavelengtli than tlie generating radiation  
but the energy difference is  normally quite small and electron ic  
discrimination leaves much to be desired.
Types o f measuring procedure
The v e r sa tility  o f tlie A.E.D. instrument allows the dioice of  
four types of measuring procedure. That i s ,  there are four d ifferent 
sequences o f commands whicli can be input, each constituting a 
different procedure.
Point measurement:-
With th is type o f measurment, the in ten sity  in  the reflexion  
maximum is  determined over a period o f time whidi is  either preset or 
determined automatically by the instrument. Both crystal and detector 
are stationary. Although requiring l i t t l e  program, there are a number 
o f disadvantages. Since the measurement takes place in  the reflexion  
maximum, i t  is  very sen sitiv e  to both incorrect la tt ic e  parameters and 
maladjustments o f the crysta l. Furthermore, reflexion p ro files  may 
vary with 0 , as can be seen from Figure 21. Both tlie reflexions shown 
would have the same peak in ten sity  but integration o f the to ta l 
reflexion  would furnish d ifferent resu lts .
D ifferen ce-filter  measurement:-.
'v» ’f\jr vs# «sj rs#
In th is technique, tlie reflexion  is  scanned twice, using each o f  
a pair o f f i l t e r s  in  turn. Hie f i l t e r s  are designed so that one f i l t e r  
has an absorption edge which is  shorter than the wavelength o f the 
characteristic incident radiation and the other f i l t e r  has an 
absorption edge whidi is  longer. The difference between the tivo
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Figure 21
Variation of reflexion prof i les  with 
(a) low 6 (b) high 0
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measurements tîuis gives the integrated net in ten sity . The tedinique 
appears to be particularly useful witli tlie MoK^  radiation which is  
associated witli a h igh-in tensity  white radiation background. The 
measurement sequence is  shown in Figure 22 (a ).
Five-value measurement;-
A diagrammatic representation o f the five-value measurement is  
shown in Figure 22 (b) . At high enough 0 -angles the in ten sity  p ro file  
has two maxima representing tlie Kai and Kaa pealcs, the Kai being the 
stronger. The appropriate measuring time per 0.01^ step is  selected  
at the Kai peak and is  used tlirou^out. The reflexion is  scanned 
through A0 1 , giving a count I i in  a time t i  ; the background 1 % is  
counted on th is  f ir s t  side o f tlie peak in  a time t 2 ; the reflexion  is  
scanned tdirough A6 i + A0% giving a count 13 in  a time ts ; the back­
ground on the second side o f the pealc I 4 is  counted during a time ti^, 
and, f in a lly , the reflexion  is  scanned back to the peak throu^ A0g in  
a time ts with a count I 5 .  The counting times have the relation  
t i  + ts  + tg = tz +1:4 so that the net count is  given by the 
relationship
W  = + I 3 + I 5 ) -  (I2 + 1 0 ]  (22)
The five-value measurement, apart from integrating the peak, is  useful 
for making certain that the reflexions have been measured correctly.
In particular, a mismatch o f I i and 15 is  an indication that the 
reflexions are not coming at the expected position  owing to incorrect 
se ttin g  angles and hence unit c e l l ,parameters or c iy sta l movement. The, 
integration angles A0i and A02  increase with increasing 0.
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Figure 22(a)
Diagrammatic representation of  the d i f f e r e n c e - f l i t e r  
measurement
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D iffe rent i  al me as urement ; -J #>v> rv
In th is procedure, tlie reflexion  is  scanned in small step s, d0,
each step being counted for the same time 6 1 . Thus,
A01 + A0260 = -------------------------------------------     (23).
where n is  the to ta l nuiiiber o f steps acioss the peak. 60 can be se t
by the user, but must be an integral number of steps. Hence, the
d ifferen tia l measuring procedure is  a method used to p ro file  a reflex ion , 
and finds i t s  main application in the measurement o f the accurate 
0-values in  the determination o f unit c e ll  parameters.
The five-value measurement appears to be the best for general use. 
Certainly, a review o f tlie current literatu re indicated the moving 
crysta l, moving counter method to be the most popular. Very l i t t l e  use 
has been made o f the d ifferen c e -f ilte r  and pealc measurement techniques. 
However, with both the five-value and d iffere n ce -f ilte r  measurements, 
the crystal spends a re la tiv e ly  long time in  the beam with the 
consequent p o ss ib ility  o f radiation damage; in th is case, the point 
measurement may be b est.
2,3 Crystal settin g  and unit c e ll  refinement 
Crystal mounting
A crystal o f BBIP, free from surface overgrowths, o f dimensions 
0 .3 , 0 .7 , 0 .1  mm. p ara lle l to a , b and c respectively was selected  for  
data co llection . The crysta l was mounted with tlie b-axis v ertica l on 
a short (15 mm.) quartz capillary using the adhesive ’Uhu’ thinned with 
amyl acetate. (Earlier resu lts Lising glass fibres were found to be 
unsatisfactory because o f residual stra in  in the drawn g la ss ) . The
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Figure 22(b)
Diagrammatic representation of the five-value measurement
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quartz fibre was attadied to the goniometer head with dental wax so 
that about 5 - 1 0  mnu o f  fibre was exposed. Although several goniometer 
heads were tr ied , there seemed to be l i t t l e  to choose between them as 
long as they were o f the eucentric type, where the translations for 
centering the crystal sledges are above the arcs. Another useful 
feature o f certain heads is  the inclusion of small locking screws on 
both the arcs and sledges which enables one to lock both after the 
adjustments have been carried out. Furthermore, a rotating top to the 
goniometer head allows any direction in the crystal to be se t  re la tive  
to any position  o f the arcs. Hiis la tte r  feature was found to be 
extremely useful in se ttin g  crystals on the A.E.D.
The crystal was f ir s t  adjusted photographically so that the 
b axis was approximately p ara lle l to the axis o f the goniometer head.
Crystal settin g
The next stage involved settin g  the crystal o f BBIP on the A.E.D. 
and obtaining the information necessary for generating the steering  
tapes. I t  was found that the crystal and goniometer head required up 
to  24 hours in  the diffractometer room to obtain equilibrium. I f  l e f t  
for only a short period, i t  was found that small movements o f the 
crystal occurred as the adhesive dried. The goniometer head was placed 
on the A.E.D, and the crystal adjusted so that i t  rotated within i t s  
volume.
The se ttin g  angles corresponding to the approximate unit c e l l  
parameters were tlien calculated.
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Setting angles w, y  and é
Derivation of tlie setting^ angles to, x snd (|) has been carried out 
by Busing and Levy (1967) and Arndt and W illis (1966), The former 
authors use a matrix metliod while the la tter  ençloy a system of  
cylindrical polar coordinates to define a particular reciprocal la t t ic e  
point; th is method is  used below.
Cylindrical polar coordinates of a point in  reciprocal space
The cylindrical polar coordinates Ç ç t in  terms o f hkl and the 
unit c e l l  parameters can be derived from Figures 23(b) and 23(c), In 
the la t te r , p is  the angle between a* and the projection o f c* on the 
a*b* plane and q i s  the angle between c and c*, ABC is  a right-angled
spherical triangle, bounded by g*, p and 90^ -  q. From the geometry o f
spherical tr ian g les ,
cos (90 -  q ).cos p = cos g* (24)
or s in  q.cos p = cos g*
sin  q .s in  p = -cos a sin  g* (25)
and cos q = sina s in  g* (26)
The ^-coordinate is  the magnitude o f the vector Ic* projected on 
the goniometer head ax is. Thus 
Ç = lc* ,cos q
= Ic* s in  a s in  g* (27)
The I-coordinate can be derived from the relation
|d* |: = (2 + (28)
—  S6 —
Now,
d*^  « h^a*  ^ + k^b*  ^ + l^c*^ + 21ika*b* cos y*
+ 2klb*c* cos a* + 2hla*c* cos g* (29)
Substituting for d*  ^ and gives
Ç = [h^a*  ^ + k^b*  ^ + l^c*^ (f.-sin^ a sin^ g*)
+ 2hka*b* cos y* + 2klb*c* cos a* + 2hla*c* cos g*]  ^ (30)
T can be derived from Figure 23(b) since 
PNtan T = ^  (31)
kb* s in  y *  + Ic* sin  q sin  p ha* + kb* cos y* + Ic* s in  q cos p
Substituting for the terms involving p and q gives
(32)
t a n  T = T = kb* s in  y* - Ic* cos a s in  g*cos T ha* + kb* cos y* + Ic* cos g*  ^ ^
We now have expressions for the cylindrical polar coordinates C,
Ç and T in terms o f the d irect and reciprocal unit c e l l  parameters.
The geometry o f the 4 -c irc le  diffractometer is  normal-beam 
equatorial. During the measurement o f  each reflex ion , both the incident 
and d iffracted  beams are normal to the o sc illa tio n  ax is. Thus, the 
incident and diffracted  beams l i e  in  the equatorial plane which is  tlie 
plane normal to the crystal o sc illa t io n  axis and passing through the 
centre o f the sphere o f  reflex ion .
I t  can be seen from Figure 23(a) that the .angle x through which 
the point P(hkl) must be turned to.bring i t  into the zero lev e l plane 
defined by 0 L P’ is  given by
X = sin" 'I*. (34)
= sin"' (Ic* sin^a sin  S*) (3 5 )
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O o n l o m e t e r - h e a d  a x i s  0
P ( h k l )
c  a x i s
MP r o j e c t i o n  o l  
I n c i d e n t  b e a m
ha'
90*
k b
9 0 * - P
l <? s i n  q
a - a x i s
c - a x i s
b - a x i s
Figure 23
The derivation of  the diffractometer 
set t ing  angles 0, x and (p
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PQakl) must now be turned around the equatorial plane through an 
angle cf> sudi tliat i t  l ie s  along the lin e  0 L. In th is case,  ^ = r.
Hence,
tan Æ _ kb* sin  Y* - Ic* cos g cos 3* ^ cos (j) ha* + kb* cos y* + Ic* cos g*
The angle to is  in th is case the Bragg angle 0, thus 
0 = to = sin
. _ f  -1 rkb* s in  Y* - Ic* cos g s in  g*.
 ^ ha* + kb* cos y* + Ic* cos 3*
X = sin-' (lS!_sin.a.sin .B:)
(36)
(37)
(38)
(39)
The angles shorn above have been derived assuming the direct c e l l  c- 
axis passes through the origin  o f the cylindrical polar coordinates.
For a crystal mounted about a or b, a transformation must be applied, 
usually to the unit c e l l  parameters input. Thus, the transformations 
which must be applied to a, b, c , a, 3 and y are
"o 1 0 " ‘ o 0 1"
at 0 0 1 bt 1 0 0
1 0 0^  ^ 0 1 0_
Crystal alignment for BBIP
When the b axis o f the crystal is  truly p ara lle l to the (p axis of  
the diffractometer, then % = 0.00° for the a*c* plane and the vectors 
a* and c* are separated by the angle 3* i f  a right-handed se t has been 
chosen. Hie crystal is  rotated re la tive  to the goniometer head u n til 
a* or c* is  p a ra lle l.to  one o f the arcs. The detector is  se t  at the 
calculated 0-position corresponding to a strong hoo (or ool) reflexion
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and the cf>-circle is  then turned u n til tlie reflexion is  found. Hie arcs 
are then adjusted using both th is reflexion and the Hoo (ool) reflexion  
whidi l ie s  180° around the ^ -circle  u n til the counts from the two 
reflexions are approximately tlie same. Hiis adjustment is  made easier  
by a small horizontal shutter located in the detector collimator housing 
whidi can be switched in e le c tr ic a lly . # e n  switched in , tliis has the 
e ffe c t  o f reducing the area o f the co llectin g  collimator by one h a lf.
Hius, the ratio of the counts obtained with and without tlie half-shutter  
should be in the ratio o f 1 : 2 for tlie hoo and hoo reflexions i f  the 
centre o f mass of the crystal is  at the intersection  o f the diffractometer 
c ir c le s . The same procedure is  then carried out for another pair o f  
reflex ion s, in  th is case along c*. Now, the reason for se ttin g  the 
vectors a* or c* p ara lle l to the goniometer head arcs can be seen. I f  
a* lay at 45° to the arcs, alignment o f the crystal would involve adjusting 
both arcs instead o f only one.
An alternative method for aligning the crystal can be carried out 
for monoclinic crystals mounted up the b-axis or for crystals o f higher 
symmetry. In this case, % is  se t  to 90.CX)° and 6 is  s e t  to a position  
corresponding to a strong oko reflexion . At th is p osition , the in ten sity  
of th is  reflexion is  in sen sitive  to changes in  <f) (apart from absorption 
e ffe c ts )  so ^  can be se t arb itrarily  to a position  (assume 0°) which
I iplaces one head arc p ara lle l to the X-ray beam, with the other arc 
peipendicular to i t .  Using the horizontal half-shutter, the in ten sity  o f  
th is reflexion at 0°, 90°, 180° and 270° is  adjusted u n til the counting 
rate varies only s lig h tly  as tlie (()-c irc le  is  rotated. For h i^ ily  
absorbing crystals and tliose o f very anisotropic shape, i t  is  best to 
rely  upon measurements made independently at 0° and 180°, and 90° and 
270°.
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After these adjustments have been carried out and tdie centering 
dieched, the crystal is  correctly aligned, with the b-axis p ara lle l to 
tlie instrumental (f)-axis.
Accurate unit c e l l  parameters
Prior to the measurement o f the in tensity  data, i t  was necessary to  
determine the unit c e l l  constants as accurately as possib le . This 
procedure involved scanning 30 se lected  reflexions in 0 by the step- 
scanning method, having f ir s t  maximised their in tensity  by adjustment o f  
the cf)- and y- c irc le s . The circular co llectin g  collimator of the 
s c in t illa t io n  counter was replaced by a vertica l s l i t  o f width 0 . 2  ram to 
increase the resolution in  9 . The output tape produced a l i s t  of  
in ten s itie s  at 0 . 0 1 ° steps across the pealc from which i t  was possib le to 
determine the value o f 9 corresponding to the peak maximum for that 
particular, reflexion . The measured 9 -values were used to refine the unit 
c e l l  parameters by a le a st  squares procedure described in  Appendix 2.
In princip le, the determination o f unit c e ll  parameters appears to 
be fa ir ly  sin p le. Ifrifortunately, there are many points which must be 
considered.
Much o f the material in  th is discussion has been brought to lig h t  
over the whole course o f th is work but i t  is  f e l t  that i t s  inclusion at 
th is  stage would be usefu l.
In considering the resu lts for BBIP, the main problem was to find  
enough strong high-order reflexions to scan. The reasons for choosing
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strong h i^1- order reflexions are two-fold. F irstly , at low 8rangles, 
the a ia 2 doublet is  not resolved and one may choose the weighted mean 
wavelengtli. At low angles, the re la tiv e ly  long patli length tlirough the 
crystal may suppress part of the reflexion  thus giving a fa lse  p ro file  
and, hence, an inaccurate value o f 9. Figure 24 illu stra te s  th is e ffe c t .  
One must, i f  p ossib le , use high-angle reflexions which both minimise 
absorption and resolve the a . i a z  doublet. For BBIP, there were very few 
high-angle reflexions which were o f su ffic ie n t in ten sity  to provide 
relia b le  s ta t is t ic s  when the s l i t  co llectin g  collimator was used. A ll 
the 30 reflexions chosen lay in  Üie range 30° <6  <40° and a wavelength 
corresponding to ai was used because resolution o f the uia2 doublet was 
ju st possib le at 30°.
Having obtained a se t  o f refined unit c e l l  parameters, the next 
problem is  to judge th eir  accuracy. The standard deviations provided by 
the least-squares matrix can be a good guide but i t  is  f e l t  that a no re 
practica l approach is  b etter . Certainly, i f  systematic errors such as 
absorption are present, the esd (estimated standard deviation) can be very 
misleading. I t  has been found that a good guide is  the asymmetry of about 
1 0  reflexions suitably spread about the unique volume o f reciprocal space, 
scanned by the 5-value method. Correct unit c e ll  parameters normally 
give the same counts for both halves o f  the peak (Appendix 1 ).
Ihfortunately, when th is te s t  was applied to BBIP, the asymmetry o f  
the high-angle reflexions was marked although the low-angle ones did not 
show th is  e ffe c t . I t  was, therefore, concluded that absorption and the 
use o f only medium-angle reflexions were tlie cause o f the asymmetry. 
However, nothing could be done since there were no other reflexions 
which could be preferred. I t  should be noticed that a m is-setting of
- 62 -
the crystal can also cause asymmetry of tlie reflexion and so i t  is  
essen tia l that the crystal alignment should be checked before carrying 
out these te s ts .
In Appendix 1 is  described an experiment to see the e ffe c t  that 
high- and low-angle reflexions have on refined unit c e l l  parameters and 
tlieir standard deviations.
The crystal data for BBIP is  shown in  Table 1.
TABLE 1
Crystal data for BBIP
Molecular formula 
Molecular weight 
C iystal system 
Space group 
a 
b 
c 
3
c
F (000) 
lj(Cu}fct)
ClsHgBrO 
297,2
Monoclinic 
P2i/c  
7,508(4) A 
5.959(5) 
26.172(6) 
92.55(2)° 
1169(2) A" 
4
1 . 6 8 (1 ) g cm- 3
1.688(3) g cm 
592
-a
48 cm
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Figure 24
The effect  of absorption on the determination of la tt ice  parameters. In practice, the specimen may not be cylindrical.  Also, the absorption w. has been accentuated and is rarely large enough to completely suppress the diffracted beam at low angles.
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2.4 Intensity data co llection  
Control tapes
Prior to the actual data co llec tio n , the paper-tapes for controlling  
the A.E.D. were generated. The information required is  shown below.
(i)  Ibiit c e ll  parameters.
o( i i )  Wavelength of the radiation. This is  chosen as 1.54051 A 
for Cu radiation, because the automatic measuring time 
determination is  s e t  by the strength o f the particular  
reflexion  under consideration. Hie maximum in ten sity  occurs 
at a position  corresponding to the cti wavelength,
( i i i )  Orientation matrix, which relates the ciystallographic axes 
to the orthogonal internal diffractometer axes. The la tte r
• are assumed to have A perpendicular and B p ara lle l to the 
incident beam and C perpendicular to the AB plane, coincident 
with the 4 - axis. The orientation for BBIP is  shown in  
Figure 25.
Civ) Scan ranges, which are necessary for any moving counter
technique. 0 -scans for various reflexions were performed to  
determine the integration angles A9i and A8 2  (Section 2.2) 
as a function o f 0 . For very anisotropically shaped crysta ls , 
certain directions w ill  require larger integration angles tlian 
others ; hence, the integration angles should be determined for  
these orientations. For BBIP, the scan ranges were increased 
linearly  from 0,66° at 0 = 10° to 1.1° at 0 = 65°.
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di f fractometer a x e s
I n c i d e n t  b e a y i
A
.B
c rys ta l  axes
9 0 - 6 *
Figure 25
Orientation of the crystal axes of BBIP relative  to the orthogonal diffractometer axes ABC
~ 66 ” Ae-Vec-Vbr
p e - ç
(v) A reference reflex ion , whidi monitors the crystal stability^and  
is  used for scaling tlie diffractometer output; i t  is  measured 
three times every 20 reflex ion s, once normally, once with the 
horizontal half-shutter and once with tlie vertica l half-shutter.
' Because only one reflexion  was used, i t  must be chosen sucli
tliat i t  re flec ts  any crystal movement on either arc o f the
goniometer head. Hence, a zero-level reflexion whose ({)-value 
l ie s  approximately mid-way betiveen the two reciprocal axes in  
the plane of the 20-circle is  preferable.
(vi) Systematic absences, so tliat such hkl data are not w ritten to 
the steering tape.
Counting time
Mien the steering tapes had been generated, the only remaining 
decision was tlie choice of the maximum measuring time per 0.01° step across 
each reflexion . Because the measurement of in ten sity  is  done by scanning,
a ll  measurement times on the A.E.D. are defined in terms o f th is time
in terval. Mien operating in the automatic mode, the instrument se lec ts  
for each reflexion , an appropriate measuring time per step to give a 
s ta t is t ic a l ly  suitable count. The maximum time per step can be s e t  on the 
control panel so that a reasonable time is  spent on the weakest reflexions. 
The maximum measuring times available are as follows :- 0 .06 , 0 .12 , 0 .24, 
0 .6 , 1 .2 , 2 .4 , 6 .0 , 12.0 and 24.0 seconds per step. A fa c i l i t y  is  also  
included for multiplying any of these by factors o f 10, 100 and 1000. 
Nomally a factor o f 1 should su ff ic e . For the measurement o f BBIP, a time 
of 0.6 seconds was used. This time appeared to give reasonable s ta t is t ic s  
coupled witii a fa ir ly  fa st  measuring time. On average, about 12 reflexions 
per hour were measured up to a maximum 0 o f 65°. The approximate number of
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reflex ions, N, expected is  given by the formula
N = ^  (Zsinema^  ^' y f  (40)
where V is  the volume o f the unit c e l l  and f  is  tlie fraction o f the sphere 
of reflexion  to be co llected . For BBIP, N was calculated as 1989, including 
systematic absences. In practice, 1964 reflexions were co llected .
2,5 Intensity corrections
Mien a ll  the in ten s itie s  had been measured, i t  was necessary to apply 
the sca lin g , Lorentz and polarisation  corrections to them. At that time, 
no program was available for processing the resu lts , and, consequently, 
a l l  computations were performed on a hand calculator.
Intensity scaling
As tlie A.E.D. se lec ts  the measuring time on the basis of the strength  
of that particular reflexion  to be measured, tlie net in ten sity  has the 
form
\ie t  ~ ^^total ^background^.A. T. (41)
where
A is  the attenuator factor (normally 1)
T is  the time factor related to the measuring time
Up to a maximum measuring time o f  0.6 seconds per step , the time 
factors related to t ie  measuring times are shown in  Table 2,
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TABLE 2
Measuring times and time factors
Measuring tim e/0.01° step Time factor
0.06 sec 100
0,12 50
0.24 25
0.60 10
Small movements or decomposition in the crystal and fluctuations in  
the incident beam, which have occurred during the data co llection  are 
compensated by means o f  the reference reflexion . A scale factor was
applied f ir s t  to each block o f 20 reflexions. I f  the value of the 
reference reflexion  at the beginning and end of a block o f 20 reflexions  
is  Ri and R2 respectively , then a scaling factor equal to (Ri + R2 ) / 2  
was applied to each block. F inally , the se t  o f  adjusted blocks was 
scaled to the overall average o f the reference reflexion in ten sity  (S).
^corr ~ .^net ^ ^^(Ri + R2 ) / 2
° Let  ^ + R2)
At th is point, a ll  reflexions were on a relative common scale .
Lorentz and polarisation corrections
The Lorentz and polarisation  corrections were then applied. The 
polarisation  correction is  required because the incident X-ray beam is  
unpolarised, that i s ,  the azimuth o f the associated e le c tr ic  vector 
assumes a l l  directions with time. Each o f these vectors may be considered 
in  terms o f i t s  two components, one p ara lle l to the surface of the 
reflectin g  plane and the other perpendicular. Waves having th eir  e le c tr ic  
vector perpendicular to the re flec tin g  plane are reflected  to an extent
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which is  dependent upon 8 while the reflexion o f the other vector is  
dependent only on the electron density. Hiis results in  a reduction in  
the in ten sity  o f tlie reflected  beajTi by a factor p given by
p = i ( l  4- cos^20) (43)
The in ten sity  o f a reflexion  i s  proportional to the time during 
which the corresponding reciprocal la tt ic e  point is  close to tlie surface 
o f the reflectin g  sphere. Hie Lorentz factor (L) is  a geometrical term 
which corrects for the d ifferent rates at which the reciprocal la t t ic e  
points sweep through the sphere of reflexion . The expression for L 
depends on the particular d iffraction  geometry used. In 4-c irc le  
diffractometer geometry, two specia l conditions are met: a reflexion  
arises from a plane p ara lle l to the rotation axis, and the X-ray beam is  
directed perpendicular to that axis. The correction is  then given by
(44)
Hence, the value o f | f | may be related to the corrected in ten sity
by
|Fl" = L o r r /^  (45)
Unobserved reflexions
Because there is  a physical lim it to the time allowed to measure 
the data, weak reflexions may not be measured with very high s ta t is t ic a l  
accuracy. I t  was, therefore, decided to c la ss ify  reflexions which did 
not f u l f i l  a certain criterion  as ^unobserved’ , so that their part in  
future calculations could be controlled.
The Gaussian or normal d istribution is  defined by
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where u = mean o f the observations X and their variance.
This equation can be replaced by a simpler form
Y = - i -  e (47)
■ Æ
In th is case, 2 is  normally distributed with a mean o f zero and a variance 
of unity, A graph o f th is standardised normal d istribution is  shorn in  
Figure 26. In th is graph, the areas included between 2 = -1 and +1,
2 = “2 and +2 and 2 = -3 and +3, have areas equal to 68.27%, 95,45% and 
99,73% of tlie to ta l area o f unity. These values are known as confidence 
le v e ls .
These results were applied to the X-ray data. Let us assume that 
the to ta l number of counts co llected  for a particular reflexion  is  N.
The standard deviation in  I^^  ^ is  given by
a(IneP  =<«72 (48)
The factor 2 arises because each reflexion is  e ffec tiv e ly  measured 
twice.
I t  was now necessary to clioose a particular confidence lim it such 
that i f  I^^  ^ < Q.o(I^^^), the reflexion  was c la ss ifie d  as ’unobserved’ .
For the data o f BBIP, a value o f Q equal to 2.0 was chosen. This
represented a confidence probability o f about 95%.
A study o f the current literatu re indicated that values of Q 
between 2.0 and 3.0 are used and i t  was f e l t  that the dioice made was 
not inappropriate.
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Figure 26
The standardised normal distribution
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Finally, the standard deviation in |F^| was derived. Hie normal 
value for th is quantity is  given by the equation
= G(Fg')/2|F^| (49)
where (L p )-\a (I„ ^ ^ ).
However, th is equation is  invalid  for very weak reflex ions, esp ecia lly  
Wien tlie value o f may be zero due to s ta t is t ic a l  fluctuations 
(values o f which were calculated as negative were assigned values 
o f zero). The equation used to calculate a(|F ^ |) is  given by
a ( |F j )  = 0 .5 ./(L p)-\(I^ ^ ^  + a ( I ^ J | -  (sighd^^^ -
./(Lp)-tlVet - ''(WU (50)
where the quantity sign (I^^^ -  a(I^^^))may take the values ±1.
2.6 Wilson s ta t is t ic s
Having obtained a corrected se t o f | | data together with tlieir
associated standard deviations, a(F^), i t  was now necessary to derive an 
approximate scale and temperature factor for BBIP by the method of 
Wilson (1942).
The average corrected in ten sity  can be defined as
< W  = <|Po (51)re l
I t  can be shown that for a unit c e l l  which contains N randomly 
distributed atoms, the theoretical average in ten sity  is  given by
N
■abs- .  ^ ]
The Debye-Waller (1927) temperature correction to the theoretica l 
scattering power of an atom is  given by
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£  ^ £ g-B(sin20)/X' (53)
Combining (52). and (53) gives
N
abs> - ty o j (54)
where Bj = , u j^ being tlie mean square amplitude o f vibration o f
the jth  atom.
I f  B is  assumed to be id en tica l for a l l  atoms, then
2B(sln^8)A^
I
N
(55)
Let the scale factor-to  bring the experimental values of | f |  ^ onto 
an absolute scale be K, Then,
° <labs> (56)
Combining (55) and 56) gives
NK<I > = Z f  /
 ^ i= l (57)
Rearranging and taking the natural logarithm o f botli sides o f (57)
or
In K + lr|<I 4>relN
= ~2Bsin^0/X^
In K + 2Bsin^6/X^ = In
N ■
N (58)
Thus, a p lot of In Z f  .^/<I ,> against sin^G has an intercept equalj= l
to In K and a gradient o f 2B/X .^
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A computer program (Hall, 1968) was used to evaluate B and K.
This program subdivided reciprocal space into equal ranges o f sin^0 
and summed the tlieoretical and observed scattering powers for each o f  
these ranges. A lin e was f it te d  by tlie metliod of lea st squares. Hie 
unobserved reflexions were included in  the calculation. Table 3 
summarizes the data and Figure 27 shows the p lot of 
N
In { Z f..^/<I__n>} V <sin^0>j= l
The points on the graph show surprisingly l i t t l e  scatter . This is  
probably due to the large number o f reflexions used in each range and 
also the overlapping o f the ranges. The calculated value of B was 4.13 
and that o f K was 0.17Z.
THE INTERPRETATIVE STUDY
A se t  of hoi data was obtained before the complete 3-dimensional 
s e t ,  consequently the hoi zone was examined f ir s t .
2.7 Studies in  2-dimensions 
Patterson methods
:.f To determine the x- and z-coordinates of the bromine atom, the 
technique originated by Patterson (1934, 1935) was employed. l%ereas 
a Fourier summation carried out using F’s as coeffic ien ts shows the 
distribution  o f atoms in  the unit c e l l ,  that calculated with |F p  has 
peaks corresponding to a l l  interatomic vectors in the crysta l. Thus 
a peak at a point uvw in  a Patterson map indicates that there ex ists  
in  the unit c e l l  tvro atoms at x i ,  y i ,  zi and x z ,  y%, zg such tliat
-  75 -
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Wilson plot for BBIP
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u = Xi - X2
V = yi - 7 2
w = Zi " Z2
For a molecule containing N atoms in  the unit c e l l ,  there w ill  be 
peaks corresponding to a l l  possible vectors. Of these, N w il l  be 
vectors o f zero length and w ill  contribute to the origin peak. The 
remaining - N w il l  be distributed tliroughout die unit c e l l .  '
A ll Patterson maps are centrosymmetric regardless o f the space group 
from which they are derived. Furthermore, there is  a diange of symmetry 
derived from the original space group by replacing each translational 
symmetry by i t s  corresponding non-translational counterpart.
Althou^i the symmetry elements o f a space group do not necessarily  
appear as such in a Patterson map, they leave their trace in  tlie form of 
particular concentrations o f vector points which occur on Marker lin es  
and planes. For example, i f  an atom is  at a p osition , x , y , z, and a 
symmetry-related atom is  at x , ÿ , z , tlien the vectors between these atoms 
have the coordinates ±(0,2y,0) and l i e  on the Marker lin e [ovo], which is  
the v-axis in  Patterson space.
Since there are -  N non-origin peaks packed into a c e l l  which is  
the same size  as that o f the crystal unit c e l l ,  there is  much overlap o f  
peaks.
Hie Patterson projection P(uw) was calculated from the equation
P (uw) = |- EE IF (hoi) I  ^ c o s 2 t t  (hu + Iw) (59)^ h i °
using intervals o f approximately 0.3 X along each axis. This is  shown 
in  Figure 28. One immediately obvious feature is  the occurrence of 
str ip s of vector densit)'' p ara lle l to tlie c-axis interspersed between
Figure 28
Patterson projection 
P(uw) for BBIP
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negative regions. IMs would occur i f  tlie long axis o f the molecule 
was approximately p ara lle l to tlie c-axis and tlie molecular plane-normal 
approximately perpendicular to the b -axis. The maximum width o f the 
contours o f p ositive  vector density is  only 2.5 X, The vector density 
from the same molecule witli the molecular plane p ara lle l to the ac plane 
must be at lea st 5 X , or ttfice tlie width o f a benzene ring.
The syrnmetiy o f tlie (010) projection corresponds to plane group p2, 
whose general equivalent positions are x, z and x, z. Tliis resu lts in  
vector positions o f u = 2x and w = 2z. Tlie largest pealc. A, on the 
Patterson projection was assumed to correspond to tlie Br - Br vector. The 
coordinates o f the bromine atom in th is  projection were calculated as 
±(x = 0.247, z = 0.016)
Electron density methods
The structure factors for the hoi zone were calculated using the 
contributions o f the bromine atom.
The equation for F (hoi) may be written as 
F (hoi) = 2Zfg^ cos2m(hXg^ + Iz^p
E-2 - (^0)
+ S f . c o s 2 tt(1i x . +  I z . )  
j = l  3 5 3
I f  i t  is  assumed that the bromine atoms contribute a major part to 
F (h oi), then the phase angles (0 or t t )  calculated from the f ir s t  term o f  
(60) should in  the majority be correct for a l l  reflex ions. According 
to Lips on and Cochran (1966), i f  -
N-2
Br " 3=1
then about three-quarters o f the phases should be correct in th is  zone: 
one-half are correct because the bromine contribution and that of the
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remaining atoms are o f the same phase; a further quarter are correct 
because tlie bromine contribution, although d ifferent in  phase from that 
of tlie rest o f  tlie atoms is  of the larger magnitude.
Hie calculated, phase angles were used with the experimental |p^|
values to calculate an electron density projection p(xz).' This is  shown
in  Figure 29 together with a superimposed outline o f tlie proposed
emolecule. The general position  was revealed clearly , but forshortening 
o f parts o f the ring system made a Complete interpretation d if f ic u lt .
No attenpt was made to refine the proposed model because i t  was f e l t  
that greater progress would be made by proceeding to 3-dimensional studies
2.8 Studies in  5 dimensions
Although tlie x- and z-coordinates o f the bromine atom had already 
been id en tified , i t  was decided to redetermine them togetlier with the 
y-coordinate from a study o f the 3-dimensional Patterson map,
Patterson methods
A three-dimensional Patterson synthesis was evaluated at about 
o0 .3  A subdivisions on each a x is , in  sections normal to the b -ax is. Hie 
function was calculated in  the range 0 to 1,0 in u and 0 to 0.5 in both 
V and w. The origin peak was normalised to a value o f 1000.
The coordinates o f the atoms are x, y , z; x, y , z; x , ^+y, ^-z;
X , \ - y , l+z. The vectors between pairs o f these atoms, togetlier with 
th eir  relative weights and associated Marker lines or planes, are shown 
below, . Hie above equivalent positions are talcen in, the order given as
1, 2, 3 and 4.
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Figure 29
Electron density  
projection p(xz) for  
BBIP phased on the 
bromine atom with an 
outline of the 
proposed molecule
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Vector Position Marker lin e  or plane Relative weight
1 -^ 2  2x, 2y, 2z none w
3 2x, ”1, + 2z u  ^ w 2w
1 -^ 4  0, I + 2y, “J o V i 2w
2 ->• 3 0 , "s 2y, o V  ^ 2w
2 -^ 4  -2x , - i ,  "I -  2z u  ^ w 2w
3 -^ 4  ”2x, 2y, -2z none w
The approximate h ei^ it o f a peak representing the vector between 
atoms i  and j is  given by
N oH. .  ^ 2 .2 . H /  E 2 /  (61)i j  1 J y 1=% 1
where 2^  ^ and 2j are the atomic numbers o f the i ^  and atoms
respectively and H is  the height of the origin peak. For a Br -  Br° Nvector, 2 .2 . = (35)^ = 1225; H was 1000 and E 2.^ = 7500; hence H.- ' 1 ] o  ^ 11
was 160.
Examination o f the section  P(u|w), Figure 30, showed a large peak 
(B) o f heiglit 302, while the next largest peak had a height o f only 54. 
Ihe large peak could be reasonably expected to represent a doiible-weigtit 
Br -  Br vector.
The coordinates o f th is peak were 
u = 0.514 
V = 0.500 
w = 0.471
Since for th is peak u = -2x and w = -2z + g, we have 
2x = 0.486 
or
X = 0.243
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Figure 30 Patterson-Harker sect ion P{u|w) .
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and
2z + i = 0.4712 
or
z = 0.014
Hence, tliese two coordinates agreed with tlie values obtained from the 
two-dimensional study.
To determine the y-coordinate o f the bromine atom, the Marker lin e  
PC0 V5 ) was p lotted , as shown in  Figure 31. The maximum, C, for th is  
lin e  occurred at v = 0.125 and had a height o f 334.
We have
V -  5 ± 2y 
which gives
y = ±0.187
The coordinates o f the bromine atom were thus deduced as 
X = 0.243 .
y = ±0.187 
z = 0.014
oX ^o
The value for the y-coordinate was^found from the coordinates
o f the single-weight Br - Br vector. Figure 32 is  the section  of the 
Patterson map P(u, 0.375, w). This shows a peak D o f height 166 whose 
coordinates were determined as 
u = 0.486 
w -  0.028
Since th is peak corresponds to a single-weight Br -  Br vector (2x, 2y, 2 z ), 
we obtain x = 0.243, y = 0.188 and z = 0.014, which is  consistent with 
the results obtained from the Marker sections.
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Figure 31 
Patterson-Harker l ine  P(ov|)
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Figure 32 Patterson sect ion P(u,0.375,w)
a
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Witli the positions o f the bromine atoms now established, an attempt 
was made to locate the remaining atoms in  t h e  unit c e l l .
Electron density metliods
A structure factor calculation using the coordinates o f the bromine 
atoms, togetJier with the isotropic temperature factor and scale factor  
obtained from the Wilson p lo t, was carried out. This gave an R~factor 
of 0.47 for the observed reflexions where R is  defined by
R = %l|Fol - | f c l l / z | f o l  (62)
The calculated phase angles were used witli the experimental |F^| 
values to deteimne the electron density in the unit c e l l .  The electron  
density p at any point x , y , z in  the unit c e l l  is  defined by
00 00 00
p(xyz) = Y  ^  ^ %F(hkl) exp (-2 iT i(hx  + ky + Iz)) (63)Q - , 0 0  - , 0 0  —0 0
For space group P2iy^, th is can be reduced to
00 oo 00 k+l=2n 
p(xyz) = {Z Z Z[F(hkl) cos2Tr(hx + le)  c 0  o o
oo 00 cok+l=2n+l
t  F (hkl) cos2-n-(-hx + lg)]cos2wky - Z Z Z^  (hkl) (64)o o o
sin2ïï(hx + Is) + F (hkl) s in2ir (-hx + ls)J sin27rky}
This Fourier synthesis was evaluated in  sections normal to the 
b-axis and a model constructed on a cork baseboard using polystyrene
spheres and 1.5 mm welding rod. This is  shorn in  Figure 33. As can be
seen, the whole molecule is  c learly  v is ib le . A structure factor 
calculation using the coordinates o f a l l  the atoms gave an R-factor of 
0.36.
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Figure 33
A view of the model of BBIP constructed from 
the electron-density  map phased on the bromine atom
^ ^ ^ 6. V C -S  o-XK. oL ^^tjO
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I t  may also be noted at th is  stage that to obtain the coordinates 
o f a complete molecule witliin an asymmetric u n it, the coordinates o f a 
symmetry-related bromine atom were used:
X = 0.757 
y = 0.687 
z = 0.486
Least-squares refinement
In any overdetermined s itu a tion , tliere are,.-miore observations than 
parameters available to f i t  them. The s in g lest such^case i s  that in  
which each observation depends lin early  on the parameters. Let the
parameters be X i,----- x^  ^ and the observations b i ,  b^. The observational
equations can tlien be w ritten as
aiiXi + ----------+ = bi
(65)
+ ----------+ V n  = \
I f  m < n, the equations cannot be solved. I f  m = n, the equations can be 
solved exactly, but no measure o f accuracy can be derived from the 
resu lt. I f  m > n, the system is  overdetermined and, in general, a best 
f i t  must be found.
I f  we write
di = -b^ + a^iXj + -------------.+ a^x^ (66)
then d  ^ i s  the error o f equation i  for given values o f X i, ----- x^. We can
then se t  up some function (M) o f d^  and attempt to minimise i t ,  defining
the best solution as that for the minimum.
In the method of le a st  squares, the function is
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mM = Z w.d.2 (67)
i= l ^
"tll.where w^  ^ i s  a measure of the r e lia b ility  o f tlie i  observation.
I f  the function M is  at a minimum witli respect to a l l  parameters 
Xj, then
^ Mi
aSy = assT (i = i '  %— *) (68)
Hence,
2 ~l v ‘~ “ Z w. a* «(a-iXi + ----------- + a. X “b . ) = 0 (69)1  xj x m n 1
Expanding (69) gives the normal equation for Xj 
m mZ w-a*îXia- . + ------------- + Z w-a. .^x. (70)
i= l  ^ J i= l  ^ 3
m m+------ + . i
lliere is  one sudi equation for each j from 1 to n and hence, there are 
n equations in  n unlcnoims which can be solved exactly for the Xj which 
minimise M.
In X-ray d iffraction , we attempt to minimise the function 
m
M = Ç " i( |F o il -  CD
where
nF (h) = Z £. expC2irlh.x.) (72)
i  i= l
(h = hkl, = Xj^ , y^, z^)
liifortunately, F^(h) varies non-linearly witli x^. For any atom,
we have n parameters p i , --- p which may include positional and thermal
parameters.
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For the t r ia l  values o f p, i . e .  p i ’ ,  p ’ we have IF I = |F i ’r 7  JTJ. J I C^ ' i
and so for any value o f p i p^, we can write a Taylor series
n (P. - P . ' / -  / N f c l  
■" jEi 2T' ■ - (73)
I f  (Pj - P j') is  sm all, we can neglect derivatives higher than 1st order. 
We then obtain equations sim ilar to (65).
3 | P c i |  3 | F c , I
(Pi -  P i')  ( 3pi ■■'■) ’ + - —  + (Pn ■ Pn') ( ~ 3 ^ ) '
= (74)
Minimisation can then be achieved by solving equations o f the form
m 9Fc. aFc,
Zi= l ( 3 P j ) (Pi “ P i ' )  * ------
m aFc. mZi= l " i ( 8 P j )  =■ (Pj - p . ’ ) + ------+ Z ^ i= l
aFc. aFc.
 ^ 3^pi  ^ ^n “ P]
m 9^0.
= .^  -  l^ c .l) (a p f)  ■ (75)1=1 1 1
In space group P2^ y^ , the geometrical structure factor is given by
k+1 = 2n ' : A = 4cos2'iT(hx; + lz)cos2mky, B = 0 
k+1. = 2n+l : A = -4sin2Tr(lix + lz)sin2Trky, B = 0 
Hence, for k+1 = 2n,
a^Cf—r—  = -Sïïh.f .sin2ir(h.x + 1. z)cos2iTk.y
X I  X X  X
and for k+1 = 2n+l,
 = “Sirh.f .cOs2it(1i.x .+ 1. z)sin2Trk-y
d' X" X X  X X  X
Similar equations hold for derivatives of F with respect to y and z.
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The practical aspects o f.th e solution o f the normal equations are 
w ell established. When carried out in matrix notation, (65) can be 
written in  die form
a i i X i  + a i z X z  + ----------- + a i^ x ^  = b i
(76)
+  - - - - -  +
or
te  = b (77)
I t  can be shown (R ollett, 1965) that i f  equations (76) have a solu tion ,
,an inverse matrix ex ists  su<di that equals the matrix equivalent of 1, 
then
= A"^ b (78)
X = A b^ (79)
Four cycles o f full-m atrix le a s t  squares were carried out using the 
program ’O rfls’ (Busing, Martin and Levy, 194%) with an individual 
iso trop ic temperature factor applied to each atom. This reduced the 
R-factor to 0.28, but no sign ifican t improvement occurred on refin ing  
for a further two cycles. Consequently, i t  was decided to apply an 
anisotropic temperature factor to eadi atom. Hiis had the form 
exp{-(h^3xi + & 3^3s + kl3z3 hl3i3 + hk3iz)
where tlie 3*^ j terms are related to tlie s ix  components u^j o f a symmetrical
vibration tensor by the equations
311 = 27r^a*^uii
3 12 = 47T^ a*b*Ui2 etc .
B, * = Stt^ u-, where B,, is  the anisotropic analogue of the Debye B.ij  . i j  J-j
Another four cycles of lea st squares were performed, which had the 
e f fe c t  o f reducing R to 0.17.
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I t  was expected at th is stage to have readied a lower R-factor but 
a difference-Fourier syntliesis showed no undue fluctuations, except around 
the bromine atom. I t  was f e l t  that the introduction o f  a suitable  
weighting scheme would produce a more satisfactory  resu lt. U ntil th is  
point, only weights of unity had been used for each observation.
In theoiy, no least-squares procedure is  en tirely  va lid  unless 
suitable weights are given to each observation.
The proper weight to be assigned to an observation is  equal to the 
reciprocal o f die variance o f diat observation:
“i  = ^  (80)
where i s  the standard deviation o f the i ^  observation.
However, an inportant quantity whidi needs to be derived is  the 
standard deviation in  the atomic parameters. I t  can be shown that the 
variance o f the i ^  parameter is  given by
a^Cpp = a"^^ (81)
This assumes that the weight o f each observation is  equal to the reciprocals
o f the variances of ([F^  |- |F  | ) ,  I f  the weights are not equal, but onlyi  i
proportional, to the reciprocals o f the variances, (81) must be replaced by
(82)
where the n values o f  |F^| have to be f it te d  with the aid o f s parameters.
' Equation (82) gives a method o f estimating the standard deviations of 
the derived parameters from die diagonal elements o f the inverse le a st-  
squares matrix. However, i t  is  inportant that the weight o f eadi 
observation is  derived in a correct fashion. An agreement analysis of the 
variation of (|F^ |-1f^|) against-|F^i was calculated for 10 ranges o f |F ^ |.
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Hie ranges were d iesen to give a s ta t is t ic a l ly  reliab le number o f  
reflexions in each. A p lo t o f 1/<A^> v <|Fq|> was made and is  shown in  
Figure 34. Hie <|F^|> for each range was talcen as Z|F^|/N where N is  
the number o f reflexions in  each range. The shape o f the curve 
indicated that a function of tlie type
U)"' = A + B|F^| + C|F^|2 (83)
Cruidcshahk, 1965} could be f it te d  to tlie data. A conputer program was 
written to determine die co effic ien ts  A, B and C by le a st  squares. When 
the calculated weights had been applied to the data, i t  was found that 
the values o f <wA^ > for each o f  die 10 ranges was approximately constant. 
Table 4 shows the values o f <A^ > before and a fter  the application o f the 
w ei^ tin g  scheme.
Five furdier cycles of full-m atrix lea st  squares were calculated, 
the R-factor reducing to 0.14. During the la s t  two cycles, i t  was found 
that the parameters were o sc illa t in g  from one cycle to the next and 
hence, two furdier cycles of full-m atrix lea st squares were calculated, 
th is time with a p artia l s h if t  factor o f 0.5 (Hodgson and R o lle tt, 1963). 
No further improvement in the R-factor was noted.
Bond length and bond angle calculations
^ I t  was decided at th is stage to calculate the interatomic bond 
lengths and angles for the molecule to see i f  any were far removed from 
the expected values.
For a t r ic l in ic  unit c e l l ,  the distance, £, between two points whose 
fractional coordinates are (x^, y^, Zj) and (x^, y^, Zg) given by
40 100 120 140
Figure 34
Weighting scheme analysis for BBIP
- 96 -
TABLE 4
Data for the weighting scheme applied to BBIP
|F^|-range Number of  reflexions <F > 0 <A%> Weight <wA^ >
0 - 5.0 73 3.5 12.44 0.69 8.58
5.0  -  10.0 312 7.8 19.13 0.47 8,99
10.0 -  15.0 325 12.4 33.44 0.35 11.70
15.0 -  20.0 227 17.2 37.99 0.29 11.02
20,0 -  30.0 236 24.7 23.72 0.22 5.23
30,0 - 40.0 129 34.4 28.25 0.20 5.65
40.0 -  50.0 79 45.3 39.29 0.13 5.11
50.0 -  70.0 99 56.9 50.63 0.11 5.57
70.0 -  100.0 39 . 82.7 124.39 0.07 8.71
100.0 -  300.0 13 135,1 148.35 0.05 7.42
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& = [(Axa)^ + (Ayb)^ - + (Azc) ‘^ + 2abAxAy cosy
1 (84)+ 2acAxAz cos6 4- 2bcAyAz cosaj^
It  is  also o f importance to calculate the standard deviation in  
these resu lts. For tliese calcu lations, two d ifferent equations were 
used. The f ir s t  o f  these (Pippy and Mimed, 1968) does not include in  the 
calculation , the standard deviations in  the unit c e ll  parameters. This 
can lead to an overestimate o f the accuracy o f bond lengths, since an 
error o f  0.2% in  the length o f unit c e l l  edges resu lts in an error of  
0.003 X in  a bond length o f 1.50 X (Stout and Jensen, 1968).
The more general expression for the standard deviation in  a bond 
length does take into account the errors in the unit c e l l  parameters 
(Templeton, 1959) and must be used i f  proper estimates o f error are to 
be made.
Since only approximate estimates o f the errors were required, i t  was 
decided to use, in i t ia l ly ,  tlie former of these two p o s s ib il it ie s .
I t  was found tliat tv\ro bond lengths showed abnormal values: C(lOb) -
C (ll) was 1.21 X , while C(6a) - C(lOa) w^ 1.58 X. The calculated
ostandard deviations were each 0.02 A. Even assuming an error o f 3cr in
each bond length, the maximum value for C(lOb) - 0(11) is  only 1,27 X.
oThis i s  s t i l l  0.05 A below the accepted 0 = 0 value. Oonsequently, i t  was
f e l t  that these two resu lts did not represent correct bond lengths since
o oa l l  the remaining bond lengths lay between 1.32 A and 1.54 A.
In an attenpt to resolve the anomaly, these tivo atoms were moved to
more physically reasonable position s. The R-factor increased to 0.155 and 
two cycles o f full-m atrix lea st squares only resulted in  these two atoms 
being moved back to their original p osition s. I t  was therefore decided to
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t iy  to improve tlie accuracy of. the data by applying an,absorption 
correction using tlie metliod o f de Meulenaer and Tompa (1965). A b r ie f  
discussion of tliis method together with other metliods o f applying an 
absorption correction for single crystals is  given in  Appendix 2.
The maximum and minimum transmission coeffic ien ts  calculated by the 
analytical absorption correction program were 0.727 and 0.329 
respectively.
The absorption corrected data was used with the fin a l least-squares 
parameters from the previous refinement. Hie R-factor calculated at the 
sta r t of the new refinement was 0 .16 , and three cycles o f full-m atrix  
lea st  squares reduced i t  to 0.14.
Hydrogen atoms
A three-dimensional difference-Fourier map was calculated in an 
attempt to find the hydrogen atoms. Altliough small maxima (0.2 -  0,3e X" )^ 
were v is ib le  at the expected p osition s, accurate coordinates could not be 
derived from the map because o f the shallow gradients. However, the 
positions o f the nine hydrogen atoms are fixed  by the molecular geometry. 
The configuration around tlie carbon atoms of the six-meiAered aromatic 
rings is  planar. The positions were calculated by assuming that the 
hydrogen atom would be on the lin e  b isecting  the angle between the two 
atoms bonded to the carbon atom to which the hydrogen is  attached. The 
C-H distance was assumed to be 1.08 X and tlie C-C-H angles to be 120^,
For the hydrogen atom attached to the five-membered ring, an identical C-H 
distance 'w a s assumed but in  tliis  case, the angle was 126°.
The calculated hydrogen atom positions were tlien included in tlie 
structure factor calculations. They were allocated isotrop ic temperature
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factors 0.5 greater than the equivalent isotropic temperature factor  
o f the atom to which tliey were bonded.
Four further cycles of least-squares refinement, in  whidi the hydrogen 
atoms were included, but not refined, reduced tlie R-factor to 0.13.
A re-examination o f the interatomi.c distances showed some improvement 
in  the C(lOb) -  0(11) distance (1.27 X) but i t  was f e l t  that th is was s t i l l  
far too small a distance to be acceptable. I t  was therefore decided to 
reco llect the data from a d ifferent crystal.
However, before th is  was done, the A.E.D. was examined to see i f  any 
fa u lt could be detected which mi^it have affected the quality o f the data. 
Tlie counting c irc u its  were examined by measuring one reflexion  continually  
over a period o f 12 hours. During th is time, the in ten sity  o f th is  
reflexion  was found to decrease by up to 15% at certain random in tervals. 
This fau lt was eventually traced to a lealcing capacitor in  the power supply 
o f the photomultiplier tube o f the s c in t illa t io n  counter. After 
replacement o f th is capacitor, a new se t of data was collected .
A second data set
A new crystal o f dimensions 0 .2 , 0 .5 , 0.1 ram p ara lle l to a, b and c , 
respectively , was chosen for tlie second data se t. The crystal was again 
mounted witli the b-axis v er tica l.
During the alignment of tliis cry sta l, anotlier disturbing feature, 
which may have contributed to the low quality o f the data from tlie f ir s t  
crystal,was noted. At 8-angles greater than 60°, the primary beam was 
missing tlie be am-stop and co llid in g  with the cradle causing a very higli 
background in tliis angular region. I t  was, tlie re fore, decided to c o lle c t
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tlie data to a maximum 9 o f 60° while a new beam-stop was being made.
Hie in ten sitie s  of 1730 (maximum possible 1736) symmetry-independent 
reflexions were tlien measured under the same conditions as previously 
described, except tliat a source collimator of 0.6 mm diameter was used.
Six reflexions were rejected on the basis of suspicious count to ta ls  and 
of the remainder, 697 were c la ss if ie d  as unobserved using tlie same 
criterion  as previously.
A comparison o f the R-factor at the various stages of refinement 
for the two data sets is  given in  Table 5.
A three-dimensional difference-Fourier map, Figure 35, revealed the 
positions of the nine hydrogen atoms, which when included in the le a st-  
square calculations reduced R to 0.072. As before, the hydrogen atoms 
were not refined and were allocated isotrop ic temperature factors 0.5 A^  
higher tlian the equivalent carbon atoms to whicli tliey were bonded. At 
th is stage, the average sh ifts  predicted by the least-squares refinement 
averaged 0.002 A, Random fluctuations in tlie difference electron density 
were no greater than 0 .2e X  ^ except about the bromine atom where the 
density rose to l.Se.X  This may have been due to the anomalous 
scattering of the bromine atom for which no corrections were applied^
A fin a l Fourier map was calculated which is  reproduced in Figure 36.
The fin a l atomic positions and anisotropic tliermal parameters, 
together with their estimated standard deviations, are shown in Table 6 
for a l l  atoms except hydrogen. The unrefined hydrogen atom coordinates 
and tlieir iso  trop ic , temperature factors are shown in Table 7.
The atomic scattering factors used were those o f Cromer and Waber 
(1965) for bromine and Hanson e t  a l (1964) for the lig h t atoms.
101
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Figure 35
Composite three-dimensional difference* 
Fourier map of UBIP showing the proposed 
hydrogen atom positions in relation to 
the carbon skeleton.
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TABLE 5
A comparison o f the R-factor for the various 
stages o f refinement o f the two data sets of BBIP
Operation 1st Set 2nd Set
Bromine atom and
isotrop ic temperature factor 0.47 0.45
A ll atoms excluding hydrogen 
and isotrop ic temperature
factor 0.36 0.29
Refinement of p ositional and 
isotrop ic thermal parameters,
unit weighting scheme 0.28 0.18
Refinement of p osition al and 
anisotropic thermal parameter,
Cruickshank weigiiting scheme 0.14 0.08
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0 b
Figure 36
Composite three-dimensional electron-dénsity  
map of SBIP, viewed from the a-axis.
Only one-half of the ce l l  i s  projected to 
avoid overlap of the molecules.
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TABLE 7
Final position al and isotrop ic thermal 
parameters for tlie hydrogen atoms
X y
H(l) 0.809 0.761
H(3) 0.622 0.211
H(4) 0.565 0.001
H(6) 0.630 0.879
H(7) 0.674 0.056
H(8) 0.804 0.333
H(9) 0.886 0.639
H(10) 0.809 0.747
H (ll) 0.870 0.689
0.375
0.460
0.389 4.5
0.208
4.50.097
4.50.043
4.60.076
0.375
0.285 4.0
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A correction for absorption may have improved the fin a l resu lt. 
However, because o f the s iz e  o f the crystal (<pR> = 0 .9 7 ), th is was deemed 
unnecessary; tlie structure de te ruination was carried out mainly to 
determine tlie molecular geometiy of the ring system.
The observed values o f |Fg| and the fin a l calculated structure factors 
are l is t e d  in Appendix 3.
2.9 Discussion o f the structure •
The structure of BBIP is  shown in  Figure 37. Bond lengths and bond 
angles are shown in  Figures 38 and 39 respectively.
The carbon-carbon bond lengths for the six-membered aromatic rings 
average 1.396(9) X for ring A and 1.404(9) X for ring D.
In comparing the bond lengths, the criterion of Cinickshank (19*^)
that the true value of a bond length may l i e  between ±3a o f i t s  calculated  •73value at a 9^ % confidence lev e l is  used. The bond lengths o f the two fu lly  
aromatic rings, A and D, a l l  l i e  within ±3a o f the accepted aromatic value 
o f  1.395 X (Sutton, 1965). The largest variation in  bond lengths occurs 
in  rings B and C, witliin the group 0(11), C(lOb), 0(5a) and 0(6). Both 
0(11) - O(lOb) and 0(5a) - 0(6) are short bonds, (1.332(8) and 1.339(9) X ,  
respectively) while O(lOb) - 0(5a) is  re la tiv e ly  long (1.490(9) X ) .
In attempting to explain these deviations, i t  was necessary to 
calculate the mean planes through various groups o f atoms. The atomic 
coordinates x , y , z, were f ir s t  transformed into orthogonal atomic 
coordinates X ', , Z’ by tlie equations
X* = (xa + zc COS0)
Y' = y.t (85)
Z' = (z sin3)c
- 107
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Figure 38
Bond lengths (R) for BBIP 
with esd's  in parentheses
109 -
m
oô en
OC3o
CM
CO OOO
OOCO
oo
co
co
o
CM
O
CD
CO CO
o
o oo o
o
coCO
oôo
o o
o
CM oo
CD
CO
co CM
CM
OOO
CO Figure 39
Bond angles (degrees) for BBIP 
o(C-C-Br) 0.5*,  a(C-C-C) 1.0*
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Equations in tlie £ 0 0 1  PX’ + QY* + R2* = S for d ifferent groups o f  
atoms are shown in Table 8, togetlier with the deviations o f tlie atoms from 
these planes. . In a l l  cases, tlie estimated standard deviation o f the 
deviations from the plane is  about 0,015 X. An examination of tliis table 
shows that tlie deviation o f atoms C(2), 0 (3 ), 0(4) , 0 (7 ), 0(8) and 0(9) 
from the best molecular plane through a l l  tlie atoms (Table 8 (i))  are a l l  
in  the same direction giving the molecule a ’banana’ shape. Rings A and 
D (Table 8 ( i i ) ,  ( i i i ) )  are planar, as is  the central portion of the molecule 
(Table 8 (iv )) . I t  would seem, therefore, that th is  bend causes a loss o f  
aromatic character witliin the central portion of the molecule. Without 
any information on the unsubstituted parent compound, i t  was not possib le  
at th is stage to say whether th is  molecular shape was a true feature o f  
the indeno-pyran system or had been caused by repulsion between a bromine 
atom and tlie terminal ring o f an adjacent molecule. Consequently, any 
furtlier discussion of the molecular parameters and shape is  reserved u n til 
a la ter  chapter.
The packing of molecules, as seen down tlie b -a x is , is  shown in  
Figure 40. The normal to the molecular plane is  approximately perpendicular 
to  the morphological needle axis. This in i t s e l f  is  unusual, since one 
would expect in a structure of th is type to find the molecular plane lying  
approximately normal to the needle ax is. The molecules themselves l i e  
almost on the 200 plane; F2 0 0  = -300.8 , and the theoretical maximum value 
i s  473.5.
The crystals have a fa ir ly  high density for an organic molecule and 
the lack o f hydrogen bonding would seem to indicate another means o f  
achieving tliis high packing density. The molecules are stacked in  pairs 
about the tivo-fold screw axis, Gaultier e t  a l (1969) have proposed that 
the superposition o f molecules of tliis  type is  linlced to the existence in
- Ill -
TABLE 8 
Mean planes
(a) (i) 0.9044 X’ - 0.4007 Y’ + 0. 1465 Z' = 4.9774 - a l l  atoms
( i i ) 0.9003 X’ - 0.4014 Y’ + 0. 1682 Z' = 5.1534 - ring A
( i i i ) 0.9048 X’ - 0.4134 Y’ + 0. 1020 Z’ = 4.7783 - ring D
(iv) 0.9046 X’ - of molecule 0.4006 Y’ + 0. 1459 V = 5.0068 - central portion
(b) Deviations o f atoms from planes, included in the calculation. Figures in  bold type refer to atoms
PlanesAtoms (i) ( i i ) ( i i i ) (iv)
C(l) 0.008 0.006 -0.291 -0.043
C(2) -0.043 -0,000 -0,375 -0.078
C(3) -0.045 0.004 —0.366 -0.080
C(4) -0.064 -0,010 -0.326 -0.099
C(4a) 0.014 0.010 -0.199 -0.021
0(5) 0.052 0.027 -0.103 0.019
C(5a) 0.056 0.002 -0.049 0.023
C(6) 0.015 -0.064 -0.030 -0.017
C(6a) 0.020 -0.084 0.011 -0.011
C(7) -0.055 -0.194 -0.000 -0.086
0(8) -0.084 -0.238 -0.008 -0.114
0(9) -0.030 -0.175 0.006 -0.061
0(10) 0.034 -0.080 0.005 0.003
C(lOa) 0.037 -0.056 -0.013 0.006
C(lOb) 0.041 -0.021 -0.073 0.008
0(11) 0.030 -0.010 -0.140 0.003
C (lla) 0.031 0.011 -0.193 -0.003
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the structure o f n-electron clouds above and below tlie plane o f  the 
molecule and a bonding group or polar atom. Chapter 5 discusses th is  
in greater d eta il.
There are no unusual intermolecular contacts. Normal contact 
distances betiveen aromatic rings average 3.50 X and th is has been observed 
in  the structure. A se lec tio n  o f the shortest distances is  shown in  
Table 9,
- 114 -
TABLE 9
Shortest contact distances
Atom 1 l ie s  in the asymmetric unit (Table 2) and atom 2 is  generated according to tlie symmetry code.
Atom 1 Atom 2 0D, A Atom 1 Atom 2 oD, A
C (l l ) 0(5) (i) 3.60 C(8) C ( l ) ( i i ) 3.55
C(l) C(4) (i) 3.65 C (lla) C(10) 3.55
C(10} C (6)(i) 3,51 C(4a) C(10) 3.49
C(9) Br(iii) 3.66 0(5) C (lO b)(ill) 3.59
C(lOa) 0(5) 3.63 C(10) 0(5) (^i) 3.66
Symmetry code;
(i) X., 1 + y, z
( i i ) 2 - X, -1 + y, 5 - z
( i i i ) 1 - X, 1 -  y , -z
(iv) 1 -  X, -a + y, 5 - z
(V) 1 - X, 3 + y, 3 - Z
(vi) 2 - 3C, 3 + y, 1 - z
-  I ll
3. THE CRYSTALLOGRAPHY OF IIH-BENZO
INDENO[3,2~e]PYRM
'n -m  EXPERIMENTAL STUDY
3.1 A preliminary examination o f llH-benzo[b]-indeno [3 ,2-e]pyran
A sample o f llH-benzo[b]"indeno[3,2-e]pyran Qiereinafter UBIP) was 
prepared by Dr. G. V. Boyd, Cbelsea College of Science and Teclmology. 
Microscopic examination of th is sanplé revealed dark-red needles whose 
length was about 0.1 ram, Hiey were deemed too small for ciystallographic  
examination and an attempt was made to recrystaJlise a sample from toluene 
by p artia l evaporation. This experiment resulted only in an orange gum. 
Consequently, tlie evaporation rate was slowed down by placing the toluene 
solution in a 20 ml sp e c if ic  gravity b o ttle  and allowing the solvent to 
evaporate through the small hole in  tlie ground glass stopper. After a 
period o f hvo weeks, a su ff ic ie n t  number o f crystals of a suitable s iz e  
had grown. Hiey were f ilte r e d  o f f ,  dried and their melting point was 
176 - 177°C, compared with 176.5 - 177°C (Boyd, lo c .c i t , ) .
Hie habit is  illu stra ted  in  Figure 41. Tlie average dimensions 
observed were r 2 0.5 mm, p % 0.2 mm, q % 0.1 mm.
Crystal optics
Measurement o f tlie three in ter fa c ia l angles p^q, p^r and q'^ r gave the 
values 90 ± 1°.
Examination of tlie crystals in plane-polarised lig h t revealed straight  
extinction  on the faces pr and qr. Attemi;)ts to cut transverse sections of
116
Figure 41
The habit of UBIP
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tlie crystal resulted in  i t  fracturing, and no observation was possible on 
the face pq. . , ,
Convergent polarised white lig h t revealed a red colouration over the 
whole f ie ld  of view. Mien a sodium lamp was substituted, a b iax ia l 
interference figure was ju st v is ib le  on the face pr. I t  was not possible  
to decide whether th is  section  was normal to an acute or obtuse b isec tr ix , 
the melatopes being outside tlie f ie ld  of view. A ll .attempts to obtain 
interference figures on the other faces fa iled .'t
Unit c e ll  and space group
Flat-plate Laue photographs taken witli tlie X-ray beam p ara lle l to p, 
q and r in turn revealed symmetry about a l l  tliree directions. These 
observations determined tlie crystal system as ortliorhombic. Symmetrical 
o sc illa t io n  photographs taken about tlie axes p, q and r revealed mirror 
symmetry perpendicular to each axis. Approximate u n it-ce 11 dimensions
measured with a Bernal diart gave the values, related to the crystal
morphology, in i t ia l ly  as a ||p ,  b| |r and c| |q, in  Table 10, Column 1.
To determine the, space group and verify  the u n it-c e ll constants, a 
crysta l was f ir s t  mounted about tlie needle ax is, b , and zero, f ir s t  and 
second layer Weissenberg photographs were talcen. The zero lev e l photograph 
showed tivo axial rows 90° apart with mirror symmetry across botli.
Comparison with the f ir s t  and second layer photographs indicated the 
following systematic absences: 
hoi; 1 -  2n + 1
hoo : h -  2ii + 1
The crystal was remounted about the a-axis and the procedure repeated. 
Again, tivo axial rows 90° apart were observed. One (c*) was identica l
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with that on tlie hoi photograph. Hie only systematic absences observed 
were
ool : -1 = 2n + 1
F inally , the third mounting about tlie c-axis revealed the systematic 
absences
lilco : li = 2n + 1 
Hie systematic absences can be summarised as
hia none
old none
hoi 1 = 2n ,+ 1
hko h -  2n 4- 1
hoo (h = 2n + 1)
oko none
ool (1 = 2n + 1)
which established tlie space group as either Pmca or P2ica. A se lection  
o f Laue, o sc illa tio n  and Weissenberg photographs is  given in Figures 42 
and 43.
Reference to tlie International Tables for X-ray Crystallography gives 
tlie following information, Pmca is  tlie cab settin g  o f space group Pbcm 
(No, 57). P2ica is  tlie cba settin g  o f space group Pca2i(No. 29). To 
avoid confusion, i t  was decided to transform tlie u n it-c e ll  parameters to 
the standard se ttin g s.
For Pmca, the transformation matrix is
new
old
0 1 0
r 0 0 1
1 0 0
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Figure 42(a)
10° o sc illa tio n  photographs of UBIP about(i) r and ( i i )  q; (Figure 41)
-  120 -
Figure 42(b)
Flat-plate Laue photographs of UBIP with the 
beam parallel to p and q (Figure 41).
Mo-radiati on.
\
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Figure 43(a)
hoi Weissenberg photograph of UBIP
(Cu-filtered radiation)
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Figure 43(b)
h11 Weissenberg photograph of UBIP
(Cu-filtered radiation)
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Figure 43(c)
hko-Weissenberg photograph of UBIP
(Cu-filtered radiation)
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which gives
^new ^old
^new °old
Slew . "^old
For PZica, the transformation is  
-) old
new
0 0 1
0 1 cs
I 0 0
which gives
a„new "old
^new ^old
Slew ^old
In terms o f tlie actual u n it-c e ll parameters, which when checked on 
the Weissenberg photographs showed l i t t l e  deviation from the values already 
obtained, we have the resu lts shown in  Table 10, Columns 2 and 3,
From this point on, a l l  discussions are referred to the standard 
settin g .
Density
Hie density o f UBIP was measured by flo ta tio n  in sodium iodide, 
as previously described for BBIP (p. 32).
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TABLE 10
U n it-cell parameters (A) for UBIP
Original indexing Pbcm Pca2i
a 16,20 5.88 23.13
b 5.88 23.13 5.88
c 23,13 16.20 16.20
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The density (d^) of UBIP was determined as 1.34(1) g.cm \  The 
number of molecules per unit c e l l  was calculated as 7.95. Hie calculated  
density (d^) talcing S = 8 was 1.354 g. an ^.
Absorotion co effic ien t
Hie linear absorption co effic ien t calculated for UBIP in  terms of 
CuICa radiation was 7,8 cm'*’".
3.2 U n it-cell refinement and in ten sity  data co llection
U n it-ce ll refinement
Hie accurate u n it-c e ll parameters for an ortliorhombic crystal can be 
obtained with a high degree of precision using a 4 -c irc le  diffractometer 
i f  at le a st  one strong high-angle reflexion  is  present on each o f the 
u n it-c e ll axes (Trougliton, 1970). For UBIP, th is was not the case, and a 
least-squares procedure sim ilar to that described for BBIP (p. 60) was 
carried out.
Twenty reflexions whose 0-values were in the range 20° < 6  ^ 30°
■ were scanned by the d ifferen tia l measurement metliod (p. 52) and tlie
p ro files  plotted out. Where tlie peak was p a rtia lly  resolved, a wavelengtli 
corresponding to was used, otherwise the weighted mean wavelength was 
assigned. Least-squares refinement resulted in standard deviations of 
about 1 in  3000 for a, b and c. However, scanning a few reflex ion s, 
spread over tlie sphere of reflex ion , by the five-value measurement method 
(p. 50) resulted in  asymmetry o f tlie high-angle (> 40°) reflexions. Hiis 
e ffe c t  has already been ascribed (p. 60) to errors-in  the unit c e l l  
parameters. Therefore, i t  was decided to co lle c t  the in ten sity  data using 
tliis  refined c e l l .  Hie ciy^stal data for UBIP is  given in  Table 11,
^  o-v\\\ c.e.VX ve-^ Cvv^  ^''A .
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TABLE 11
Crystal data for UBIP
Molecular formula 
F.W.
Crystal system 
Space group 
a 
b 
c
V„
Cl 6 Hi oO 
218.26
Ortlio rhombic 
Pban or Pca2i* 
5.816(2) X 
22.425(7) 
16.398(6) 
2139(3) X"*
c
F (ooo) 
y (CuKa)
1.34(1) g.cm" 
1.354(5)
912
7.8 cm
The unit c e l l  given is  for space groip Pbcm
- J.28 -
Data co llection
A crystal of 0 .5 , 0 .15, 0.15 mm p ara lle l to a, b and c respectively  
was selected  for the data co llection . It was mounted on a Stoe goniometer 
head with tlie needle axis p ara lle l to tlie (j>-axis of the diffractometer.
The crystal was se t  by the metliod described in  Chapter 2 (p. 58) using a 
0.8 mm source collimator and a 2.0 mm co llection  collimator.
The Weissenberg photographs had indicated only a few reflexions witli 
0 > 55° and, consequently, the control tapes were generated for a maximum 
8 o f 58°. The maximum measuring time per step was 0.6 seconds. The 
expected number of reflexions was calculated as 1491, and in practice,
1420 reflexi.ons were collected .
3.3 Intensity corrections
Data reduction program
Hie data reduction program, w ritten by Mr. R. Shirley o f tlie 
Department of Qiemical Physics, processes tlie output tape from the A.E.D. 
and performs a l l  the calculations which were previously carried out by 
hand. These are summarised below.
(i)  Reads one reflexion  and diecks tlie 8-value is  within the range 
0-73°. While i t  i s  not possible to guard against every' 
p o ss ib ility  of misreading 8, in practice i t  has been found that 
an incorrect value of 0 is  often obtained by the addition of an 
extra d ig it  making 0 always greater than 100°.
( i i )  Calculates I^^  ^ and cr , taking into account tlie scEiling
necessary for d ifferent time-factors and attenuator codes, 
equations (41) and (48).
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( i i i )  Calculates | |  and a ( |F^|) ,  after calculating and applying tlie 
Lp correction, equations • (45) and (50)..
(iv) Flags a reflexion  as 'unobserved* i f  < no(I^^^) where n is  
a variable to be input. This flag  is  eventually included in  
the punched-card output.
(v) Flags reflexions with suspicious count to ta ls , i . e .  where the 
two backgrounds in  a measurement cycle are found to d iffer  by 
more than 1,5.
(vi) Provides a summary o f a l l  the reference reflexions input so that 
any trends due to crystal movement or deconposition can be 
ea s ily  monitored. , •
(v ii)  Summarises tlie number of reflexions observed and unobserved
togetlier with tlie number of reflexions which have been lo s t  due 
to misreading o f tlie input tape. This la tter  feature is  of great 
importance, since any mispunching (or misreading) whidi occurs on 
tlie output tape upsets the sequence for that reflexion  and causes 
the terminating character to be read before tlie whole o f tlie 
reflexion information is  input. I f  this should happen, the 
reflexion is  ignored and processing restarts with tlie next 
reflexion ,
(v ii i )  Reports the values o f Za(|F^|), < |F^|> and <a(|F^|)>
for a l l  the reflexions and tlie observed reflexions alone.
F inally , the program writes on to a magnetic tape tlie sequence number 
of tlie reflex ion , including tlie reference reflexion followed by hkl, |F^| 
and o'(|F^|) and the observed/unobserved indicator.
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To bring a l l  the reflexions onto a common scale and to talce into  
account any s lig h t  movement or decomposition of tlie c iy s ta l, the pro grain 
*Punclm* written by Dr. M. F. C. Ladd of the Department o f Qiemical Physics 
was used. Hiis calculates a scale factor to be applied to eadi reflex ion , 
wliidi is  based on a linear interpolation between tlie reference reflexions  
at tlie beginning and end of each block of 20 data reflexions and then 
scales each reflexion  to tlie average value of the reference reflexion  for 
tlie complete data se t .
Hius, i f  tlie reference reflexion  at tlie beginning and end o f each 
block of 20 data reflexions is  and R2 respectively , tlien the corrected 
in ten sity  I' for any reflex ion  o f in ten sity  I within that block is  given 
by
I 'i  = ( i = 1,2------  20) (86) ^
I f  the overall value of tlie reference reflexion  is  S, then any in ten sity  
has an overall corrected in ten sity  I" given by
I"i = I ' i  . ________ S________  (87)
(Ri +
There i s  also a fa c i l i ty  for transforming the M iller indices i f  tliis  is  
required. The data is  then output on punched cards in a format chosen 
by the user.
Unobserved reflexions
Reflexions were c la ss if ie d  as ’unobserved' i f  I^ ^^  ^  ^ 2.0o(I^^^J. 
Of tlie 1420 reflexions measured, 874 were considered to be ' ..obseived,
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Because of tlie large iiuiiiber o f 'unobserved' reflexions together 
with the p o ss ib ility  of using s ta t is t ic a l  methods, i t  was decided to 
re-examine tlie values which are assigned to these reflex ions. T\vo 
p o ss ib il it ie s  were considered:
(i)  the reflexions should remain as measured witli negative 
in ten sitie s  s e t  to zero
( i i )  as above, but the zero [F^l's replaced by a fraction o f tlie 
corresponding a(F^).
THE INTERPRETATIVE STUDY
3.4 Intensity s ta t is t ic s
Before any attempt at solving tlie structure was carried out, i t  was 
necessaiy to estab lish  whetlier or not the space group was centrosymmetric,
Altliough tlie average in ten sity  depends only on the u n it-c e ll contents 
and not on their d istribution , the same is  not true o f the distribution of  
the individual in te n s itie s . Hie in ten s itie s  from a non-centrosymmetric 
crysta l tend to be more-clustered around their mean tlian do those from a 
centrosymmetric crysta l. Hius, the f ir s t  feature associated with an 
acentric d istribution  is  the 'sameness' of i t s  in te n s it ie s , whereas a 
centric d istribution is  diaracterised by large proportions o f both fa in t  
and strong in te n s it ie s . However, raüier than relying on an untrained eye 
to confirm th is d istin ctio n , a quantitative te s t  was applied,
Wilson (1949) derived an expression for the probability that a 
structure factor lay between F and F + dF in a centrosyjranetrie crysta l. . 
Denoting tliis  by yP(F)dF, he gave
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-P(F)dF = (2itS)~^ exp  C f g ) ®  (88)
where S is  defined as 
N
S = G Z f.% (8 9 )j= i ]
where tlie summation is  over tiie N atoms of the unit c e l l  and f  ^ represents
t i l .the atomic scattering factor of tlie j species corrected for thermal 
motion, c is  the average in ten sity  m ultiple (see la te r ) .
For an acentric d istribution , tlie probability is  given by
iP(F)d|F| = ( ^ )  exp ( - l ^ ) d |F |  (90)
In practice, i t  is  convenient to express each in ten sity  in  terms o f  
i t s  loca l average. Hius, putting
5  - h
G Z f . 2I
we can express (88) and (90) as
rP(3) = (2irS)"J exp (-Z/2)
(91)
jP(Z) = e'®
Howells, P h illip s and Rogers (1950) pointed out that the P(Z) 
frequency p lots for distinguishing the two distributions were unduly 
suscep tib .le  to small-sample errors. Instead, tlie cumulative 
distributions
2
N ( 2 )  =
o
were preferred.
We then have
P(2)d2 (92)
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NyCa) = er f(/2 /2 )  . (93)
where erf (3) is  tlie error function-, and
Ni(3) = 1 -  exp(-2) (94)
In practice, the number N(2) o f the reflexions less  than a 
sp ecified  fraction (2) o f tlie average in ten sity  is  p lotted  against 3. 
In ten sities should be compared only witli others having about the same 
value of 9 since i t  is  necessary to re s tr ic t  the variation o f S when 
averages are taken. I f ,  however, the ranges o f 0 are too narrowT, each 
w ill  contain only a small number of reflexions with tlie resultant loss  
of s ta t is t ic a l  probability.
Average in ten sity  m ultiple e
In tlie preceding top ic, the factor e has been mentioned, and in tliis  
section  is  presented a discussion o f the values given to th is quantity.
In space groip Pbcm, tlie glide planes are^okl and hoi. For each o f  
tliese zones, one h a lf o f  tlie reflexions are system atically absent and 
calculation of the average intensity^ leads to an enliancement of tliis  
quantity. I t  is  necessary, therefore, to either include tlie systematic 
absences in  tlie averaging or introduce a factor of 2 for e for eadi of 
these zones.
Consider, now, the s itu ation  whidi arises when we have a mirror 
plane p ara lle l to a zone. The scattering for these zonal reflexions w il l  
simulate that due to h a lf tlie number of atoms eadi witli twice tlie 
scattering factor. Thus, the loca l in tensity  average is  now given by 
N/2Z (2f.)% = 2Z (95)
j= i ^
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This resu lt can. also be s h o m i  by a consideration o f the structure 
factor equation. I f  we have a mirror plane perpendicular to the c-axis  
tlie atoms occur in  pairs with coordinates (x ,y ,z) and ( x , y , z )  and the 
structure factor equation can be written for general reflexions as
1 - 1  = % 2 f . e x p f Z i r i ( h x -  + ky,)}cos2nlz.j= l J J J J
Since “ ^ ilc l “  ^ have equal to the variance of which, 
by tlie central-lim it tlieorem gives
  N / 2 ______________________________A^ i n = 2 4f-^ .cOs Z^ttQix. + ky.).cos%2wlZ' •j=q J J J J
N/2 (97)
“ 2 4 f . = gZ
j=l  ^
Similarly and hence
'Phkll' =  ^ ■ (98)
However, when 1 = 0  
N/2
h^l^ o " 4fj^.cos^2TT(hXj + l<y^ O = Z = (99)
and
iPhkol' = 4 * 0  + 4 * 0  =
I t  can be seen, tîierefore, that a zone p ara lle l to a mirror plane 
w ill  have an abnormal average in ten sity .
An in teresting  point now arises on considering the 1-dimensional rows 
hoo, oko and ool. Figure 44 shows the stereogram for point group mmm.
Each of the rows has a two-fold axis which causes 4-fold  supeiposition  
along tills row. In tliis  case, t h e  e-factor is  4.
13!
Figure 44 
Stereogram for point group mmm
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Hie ea s ie st  means o f deriving tlie e-factors is  to replace, in  the 
space group symbol, each translational symmetry element, by i t s  non- 
translational counterpart. The derivation then becomes a function o f  tlie 
crystal class and tlie correct values can be found with reference to the 
corresponding point group.
A sim ilar argument for space group Pca2i (c iy sta l class mm2) leads 
to values in  Table 12.
Experimental N(*Z} tests
A computer program was used to calculate N(Z) in various ranges of 
sine/X. Because the dioice of space group may-be uncertain, tliis  program 
treats hkl and zonal reflexions independently, tlius no c-factors are 
required and tlie axial reflexions are ignored. To obtain reliab le
s ta t i s t ic s ,  the region around tlie origin  of the reciprocal la tt ic e  up to
a 0 o f 15° was ignored, tliis region excluding a l l  reflexions up to the 
second order on the shortest c e l l  axis.
The remainder o f tlie reciprocal space was di.vided into f iv e  equal 
ranges of sin^0/X^. For tlie hkl reflex ion s, tliis resulted in about 200 
reflexions in  each range. For each value of 2, tlie weighted mean o f N(Z} 
for tlie five ranges was p lotted . In the f ir s t  attempt, a l l  the unobserved 
reflexions were given a value o f I equal to tlie standard deviation o f the
in ten sity . The resu lts are shown in  Figure 45. As can be seen, the
experimental curve follows c lose ly  the curve for the acentric d istribution  
at small values of 2 and rather less  so at higher values, but the 
discrimination in  the 1/1 curves i s  small in the higher region.
As a further dieck on tlie in ten sity  d istribution , tlie program 
calculates tlie Wilson ratio  (IVilson, 1949), Wilson deduced that the mean
^  c « 3 '^ '2 . X . V o a ^  f A U - iV  V a .
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TABLE 12
e-values for space groups Pbcni and Pca2i
Reflexion class Pbcm Pca2;
hkl 1 1
okl 2 2
hol 2 2
hko 2 1
hoo 4 2
oko 4 2
ool 4 4
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Figure 45. N (2 ) te s t  for hkl re f l ex ion s  -  ^unobs = ^(I )
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value of tlie structure amplitudes is  greater for the acentric d istribution  
til an for tlie centric d istribution . Hie ratio of the square o f the mean 
structure ainplitude to tlie mean in ten sity  <|P|>^/<I> should have the value 
0,785 for an acentric d istribution  or 0,637 for a centric d istribution .
Hie experimental value was 0.79.
Hie three 2-dimensional zones were also examined. Hie results are 
shown in  Figures 46(a) -  (c) for ok l, hol and lilco respectively , together 
witli the Wilson ratio .
A ll three curves tend towards the acentric d istribution . I f  the space 
group was Pca2i, tlie liko zone alone should show a centric d istribution , 
wliicli is  not tlie case.
In an attempt to c la r ify  th is  s itu a tio n , tlie unobserved reflexions  
were kept at their measured values, and where a negative in ten sity  was 
found, tlie resu lting |F^| was l e f t  at zero. The same procedure was carried  
out, tlie results being shown in  Figure 47, for the hkl reflexions and 
Figures 48(a) -  (c) for tlie two-dimensional zones. The mudi b etter  
indication of a centric d istribution  is  c learly  v is ib le . Indeed, the 
Wilson ratio calculated for tlie likl reflexions had a value of 0 .65. Hvo 
of the zones also showed a centric d istribution  w h ilst the third (okl) 
which contained only s ix  reflexions per sh e ll was poorly defined.
Unfortunately, th is resu lt is  not. unexpected. Referring to Figure 45, 
i t  can be seen tliat including a higher proportion o f small | F |^ 's w il l  
favour a centric d istribution . Evidently, the answer to tliis  problem 
appears to l ie  in  the assignment of values to the unobserved reflexions.
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Figure 46(a) .  N(2) t e s t  for  hko re f lex ion s  - j^^ inobs =
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Choice o£ space-group
Tlie te sts  to detect a centre o f symmetry did not furnish an 
unambiguous resu lt. Hie a b ility  to be able to change a d istribution  from 
centric to acentric by altering tlie values estimated for the unobserved 
reflexions is  alarming. Otlier methods which u t i l i s e  s ta t is t ic a l  re su lts , 
such as the calculation of normalised structure factors would be expected 
to show the same ambiguity.
On the basis that tlie re were eight molecules in  the unit c e l l ,  which 
was the requirement o f tlie general equivalent p o sitio n s , together with 
the fa ct tliat BBIP occupied a centrosymmetrie space group, i t  was decided 
to attempt a solution in  space group Pbcm.
3.5 Packing considerations
Consideration o f tlie structure factors of large magnitudes, notably 
043, 044, 176 and 186, Table 13, indicated that some knowledge of tlie 
orientation o f the molecules witliin tlie unit c e l l  might be deduced from 
them.
From a comparison of tlie unit*'cell dimensions o f UBIP and BBIP,
Table 14, i t  was assumed that tlie orientation of tlie molecules in  UBIP 
c lo se ly  followed tliat in  BBIP. The most important point arising from th is  
comparison was that tlie normal to the best molecular plane was again 
perpendicular to tlie morphological needle ax is, in  th is case a.
Hie projection of the c e l l  onto (100) was drawn out to a scale of  
o= 1 A. The trace 
projection, Figure 49,
1 cm /\p ces of (043) and (044) were plotted on the unit c e ll
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TABLE 13
A comparison of the observed and tlieoretical 
structure factors for some strong reflexions o f UBIP
Nhkl |F^| % f .o j= l J
043 245 657
044 165 615
176 105 423
186 81 409
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TABLE 14
A comparison o f the m it  c e l l  dimensions 
o f BBIP and UBIP
BBIP UBIP
Short axis 5.959 S 5.816 X
Intermediate axis 7.508 16.398
Long axis 26,172 22,425
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The jidrror planes in  space group Pbcm l ie  p ara lle l to tlie a- and
b-axes and in tersect tlie c-axis at ± lliey are. marked with thick lin es
in  the figure. Because of the large [ |-values of 043 and 044, i t  can
be assumed tliat the molecules are close ly  p ara lle l to these planes, A
portion of tlie unit c e l l  1,75 X each side o f tlie ndrror planes can be
regarded as space whicli cannot be occupied by tlie molecule i f  we take tlie
oc lo sest distance of approach of the aromatic rings as 3,5 A. '
Tlie angles tliat 043 and 044 make with the b-axis are 42° and 35° 
respectively. Consequently, on tliese considerations alone, tlie molecule 
should l i e  with i t s  length inclined  at an angle of about 38° to the 
b -ax is.
Fur tlie rmore, the strength of the 176 and 186 reflexions indicated  
that the molecular plane was inclined  to the needle axis at an angle of 
about 15° as in  tlie case of BBIP.
3.6 Direct methods [I]
The f ir s t  attempt to solve the structure o f UBIP was carried out 
by d irect methods.
Normalised structure factors
Karle and Hauptman (1956) define tlie normalised structure factor
% =   (h = hkl) (100)
E Z f .j= l ^
where |FjJ is  on an absolute scale and fj is  corrected for tlrermal 
vibration.
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A computer program (Hall,. 1968) was used to evaluate tire normalised 
structure factors. This program uses tlie results from a Wilson p lot to  
estimate a sca le , K(n), which places on an absolute scale for point
atoms. This has tire e ffe c t  o f reducing tire f a l l - o f f  o f  the atomic 
scattering factor with increasing (sinO/A) and is  given by
K(n) = exp (A^  -i- Ai sin^e/X^) (101)
where A^  and Ai are the co effic ien ts  o f the regression lin e  derived from 
tire Wilson p lo t and take the values
A^  = 21nIC and Aj =
A
Substituting these values in  (101) gives
K(n) = K^exp(2B sln^e/A:) (102)
Tlrus, Ej^  is  given by
•|Fh |2.K (n)
e Z f .2  
. j= l ^
Tire in ten sitie s  were divided into ten overlapping ranges o f sin^Q.
Reflexions around the origin  were ignored and the unobserved reflexions
were l e f t  at tlreir measured values. Table 15 summarises the data while
Figure 50 shows tire p lo t of ln{<I -,>/ I  f . v  <sin^0>. A least-squares
j= l  ^ nregression lin e  f it te d  to tire points gave values for B o f  3.61 A^  and K
of 0,385,
. At th is time, i t  was not rea lised  that non-trairslational s)mimetry 
could a ffect tire values o f e and tire values used were based so le ly  on the 
systematic absences.
The d istribution aird s ta t is t ic s  o f the normalised structure factors 
were exajiiined for further confirmation of the space group. The average 
values o f |E |, |E|^ aird |E^-l| were calculated. Tire theoretical values
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UiIson plot for UBIP
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of Üiese quantities calculated from a random distribution  of aqua].- 
weight atoms have been reported (Karle, Dragonette and Brenner, 1965). 
They are l is t e d  in Table 16 togetlier with tlie corresponding values for  
UBIP.
Tlie values give <|E|> much closer to the acentric d istribution , but 
tlie remaining quantities are closer to tlie centric d istribution . At 
tliis  point, no explanation of tliis  s itu ation  could be found.
Probability relationships
Hie basis of solving centrosymmetrie crystal structures by direct 
methods has been credited to Sayre (1952), although Karle and Hauptman 
(1950) produced mathematically equivalent r e su lts .
Sayre showed that subject to certain restr iction s
“  '•’Wcl b  b  ■ V h '  Ic-k ' 1- 1 '
where is  a scaling term. Hie im plication o f th is  equation is  that 
any structure factor is  determined by the products of a l l  pairs o f
reflexions whose indices add to give (lik l). Sayre pointed out that when 
^hlcl l3.rge, the series must tend strongly in a direction wliidi i s  
generally determined by Hie agreement in sign among tlie products o f large 
structure factors.
Hauptiian and Karle (1953) applied th is formula to normalised 
structure factors and obtained tlie so -ca lled  relationship
s(E^) Z s{Z E^_^i h_= hkl (105)
k = h ’k ' l ’
where s means ’tlie sign o f ’ and % means ’is  probably equal to ’ . The
tliree reflexions h, k and h-k are algebraically related  and form a closed
tritm gle in reciprocal space, Figure 51,
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Table 16
S ta tis tic s  and distribution o f tlie normalised 
structure factors for UBIP; f ir s t  data se t
Theoretical UBIP
<|E|> 
<|E|=>
41 E|^- lt>
% |b[ > 3.0 
% |E| > 2.0  
% |E| > 1.0
ceil tros)nime tr ie non- cen trosy nime tr ie
0.798 0.886 0.882
1.000 1.000 1.043
0.968 0.736 0.936
0'%1 0.01 0.92
4.-30 1.80 4.01
31 70 36-30 27.21
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The question o£ the correctness of a sign indication is  obviously 
iiiportant, and Woolfs on (1954) and- Cochran and Woolfs on (1955) showed 
that the probability o f a particular noraialised structure factor |E^ |^ 
having a sign given by (105) is
~  i  *  i  t w i  (106)
where
•n -
thZj is  tlie atomic number o f tlie j atom.
In general, sign determination is  in it ia te d  with |E |-values greater 
than about 1.5. Fur Hie rmore, none of tlie signs o f tlie structure factors 
need be loiown, but subject to certain rules (Hauptman and K arle^ loc.cit.) 
the signs of a sp ecified  number of reflexions may be chosen.
Origin d efin ition
In a prim itive cent rosymme t  r i c space group, tlie origin is  chosen 
at a centre of synmetry. A change of origin from one centre to another 
w ill  a ffect only the phases and not the magnitudes o f any calculated  
structure factors. However, reflexions with a l l  even indices are 
unaffected in sign by tliis  change of origin , and are fixed  only by the 
structure. They are knomi as structure invariants, and cannot be given 
values at w il l .
In prim itive unit c e lls  in  the t r ic l in ic ,  monoclinic £uid ortlio- 
rhombic systems, tliree reflexions may be chosen from the seven remaining 
parity groups. Reflexions witliin tlie same parity group cannot be used 
together as tliey are related tlirough tlie structure invariants.
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Figure 51 
Vector relat ionship of the three
ref lexions h, k and h-k
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Ftu'tiiermore, reflexions whicli are linearly  dependent on tliose already 
chosen cannot be used to complete tlie specification  of liie origin .
For example y i f  we clioose tw^ o reflexions whose parity groups are 
eoe and ooo, then tlie sp ecifica tion  cannot be completed by a reflexions  
of the t)^e oeo as tliis reflexion  is  dependent in sign on the other tifo 
(eoe -I- 0 0 0  = oeo).
Within these lim ita tio n s, the origin may be sp ecified  by a llocating  
signs to reflexions with large |E |-values, which can tlien be Lised with 
tlie %2 formula to indicate tlie signs o f further reflex ions,
Tliere may come a point when no furtlier relationships involving tlie 
determined signs are available. In th is case, i t  is  possib le to allocate  
symbols (A, B, C e tc .)  to certain reflex ion s, and continue building up 
relationships involving tliese reflex ions. In princip le, any reflexion  
can be used although large |E |-values giving r ise  to high probab ilities  
are to be preferred esp ecia lly  i f  tliey are involved in a large number of  
in teractions. Redundancies between symbol reflexions or between symbol 
and origin  should be avoided.
Consider three origin  defining reflexions Oj, 0% and O3 and three 
's)Tiibolic reflexions' § 1 , § 2  and S3 . Each of the la tte r  may have a 
p ositive  or negative s ig i  attached to tlie associated structure factor. 
Now, suppose we have a redundancy sucli tliat
9i 9 2  “ §1
Then, we know that
9 i ' 9 2 ' S i  a  +
whidi immediately fixes tlie sign o f as •»*, Four o f  the possible eight
sign permutations for S^, and § 3  are therefore wasted.
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Fur the mo re, i t  must be remembered that for N 'symbolic reflex ion s’ , 
there are 2  ^ possible combinations o f sign and a large value of N w ill  
resu lt in many phase s e ts ,  each of which must be examined for evidence o f  
a possible structure. I t  has been found that a value of N equal to 3 
gives a mcinageable number o f solutions for centrosymmetric space groups.
3.7 The Ahmed programs
Altliough tlie relationship can be readily applied by hand, the use 
o f a computer program allows more f le x ib i l i t y  of operation and is  le ss  
time-consimiing. Consequently, a system o f d irect method programs (Ahmed 
and Hall, 1968) was employed. Tliis su ite  of programs is  divided into  
tliree parts summarized below.
( i)  Hie l i s t  of normalised structure factors is  sorted into ascending 
order of |E| and is  searched for tr ip le ts  whicli sa tis fy  tlie Eg 
relationship, Eacli o f the tliree |E |-values used in  any 
relationship must be greater than a sp ecified  minimum | | ,
Hie quantity 0 3 0 2 ~*/^.|E^E^E^_^| is  evaluated for eadi tr ip le t  
and is  stored, together with the number of tr ip le ts  contributing 
to eadi reflex ion .
( i i )  Hie origin-defining and symbolic reflexions (which a ltern atively  
may be input by tlie user) are chosen. The signs o f the |E |-values 
for which |E| > are estimated. |E^^| is  usually s e t  to
2 .0 , so tliat only large |E |-values (high p robab ilities) are used 
in  tlie in i t ia l  stages of tlie sign determination.
( i i i )  Hie signs o f the |E(-values for  ^ |E| < &re
estimated using the resu lts from ( i i ) .
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The IEI-values greater tîian 2.0 are listed , in  Table 17 in  their
respective parity groups. Hie 130 reflexions with |E| ^ 1.50 were
“^ 3 / 2included in the seardi for tr ip le  products; the value o f O3G2 was 
0.087.
Table 18 d eta ils  the conditions and results for the f ir s t  run of . 
the program. Table 19 shows tlie s)mibolic and fin a l signs allocated for 
reflexions witli |E|  ^ 2 .0 . As can be seen, there were only 30 reflexions  
which had a sign determined with a probability greater tlian 0.97 and i t  
was f e l t  tliat tliis luurber was not enough to calculate a good E-map. Hie 
E-map is  a Fourier summation using the predicted signs and the 
corresponding values of E rather than F as coeffic ien ts  in  order to use 
the sharpness o f tliis c o e ff ic ie n t , and about five  reflexions per atom is  
tlie minimum number,
A reduction in  the probability for sign acceptance in part ( i i )
W£is considered, but i t  was f e l t  tliat th is modification was too hazardous 
to be attempted, because an incorrect sign generated in part ( i i )  would 
be propagated tliroughout part ( i i i ) . The minimum probability lim it  of 
0.97 s e t  in part ( i i i )  was, therefore, reduced to 0.94 and the sign  
determination repeated. ' This resulted in a further eight reflexions  
being allocated a f in a l s ign , resulting in  a to ta l of 38 reflex ions. No 
further reduction o f the probability lim it was attenpted.
I t  was f e l t  that tlie startin g  s e t  already used was very r e s tr ic t iv e . 
The only values o f h and k were 0 and 1 and 3 and 4, respectively. 
Therefore, starting  sets  were diosen so as to give more d ifferent values 
to h and k within tlie • s e t s .
Of the five further startin g  s e ts ,  only one gave a resu lt which was 
considered to be b etter , in terms of the nimber of signs determined, than 
the f ir s t .  Table 20 d eta ils  Hie conditions o f running and resu lts for  
th is  s e t .
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TABLE 18
Results o f f ir s t  run o f the Alimed programs 
Total number of |E (-values used
|E,niul “ l“^ medl = .^O
Origin and s)mibolic reflexions diosen by program
130
Origin reflexions sign  S)mibolic reflexions s)mbol
1 4  4 -1- . 0 4 3 A
1 4  3 + , 1 4 5 B
1 3 2 -1- . 1 3 3 C •
Nuiiber of |E(-values used in  part ( i i ) 52
Minimum probability for an accepted sign 0.98
Signs o f symbols found during sign determination, 
u = undetermined
■
A B C AB AC BC ABC
u + -Î- u u + u
Number o f reflexions with a f in a l sign 22
Number of reflexions witli a symbolic sign 17
Number o f unsigned (E (-values used in  part ( i i i ) 78
Minimum probability for an accepted sign 0.97
Nunber o f reflexions with a f in a l sign 8
Total number of signed reflexions 30
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TABI.E 19
Symbols and fin a l signs allocated  for reflexions with |e | > 2,0
hkl Symbolic sign Final sign l \ I W
1 7 6 AC +
2 11 10 AC
1 4 4 1 + + 21.47
0 4 3 A +
1 8 6 A +
1 3 3 C + + 13.24
2 16 0
1 4 3 1 + + 17.37
1 8 8 AB + ,
0 4 4 AB + .
0 14 0 1 - - -  4.60
0 8 14 B - - -  8 . 2 2
0 1 2 11 AB + ,
2 7 6 BC 14.68
1 4 5 B +. + .10.00
1 11 2 BC + 4- 8.37
2 8 8 B + , 4- 7.25
1 8 7 A + .
2 12 11 AB 4- .
3 10 9 B 4. . + 3.66
0 24 0 1 - “ - 3.50
1 16 8 AB ~
0 0 2 B 4- , + 5.10
0 2 2 0
1 3 2 1 4- . 4- 10.00
2 18 4 AB 4 - ,
2 11 0
1 2 0 5 B + . 4- 7.70
1 18 4 1 - — - 7.52
3 4 12 B 4- 4- 2.44
2 18 6 •
2 6 6 B 4- . + 4.68
1 12 11 B 4- •h 10.17
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TABLE 19 fcontO
hkl Symbolic
2 19 5 ABC +
0 8 16 1  ”
1 15 7 ABC -
1 1 1 1 0 BC +
0 0 4
2 7 7 C +
2 14 8
1 3 4 C 4-
2 4 6
2 17 1
2 14 9
1 16 9 A +
2 1 0 9 A 4-
2 13 7
2 0 16
1 23 1 ABC 4-
2 2 0 4 AB -
3 17 0
2 2 1 3
Final sign O3C2
5.53
3.98
8,71
4.49
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TABLE 20
Results o f  the second run of the Aimed programs
Total number of |E |-values 130
= 1-90
Origin and s)mTbolic reflexions diosen by hand
Origin reflexions 
1 4 4
0 4 3
1 7  6
sign
4"
Symbolic reflexions  
1 8  6 
0 4 4
3 7 10
Number of |e | - values used in  part ( i i )
Minimum probability for an accepted sign
Signs of symbols found during sign determination 
u = undeteriîdned
A B C AB AC BC ABC
u u u + u u u
Number of reflexions with a fin a l sign  
Number of reflexions witli a symbolic sign
symbol
A
B
C
70
0.98
32
33
Number o f unsigned |E |-values used in  part ( i i i )  
Minimum probability for an accepted sign  
Number of reflexions with a f in a l sign
60
0.97
18
Total number of signed reflexions 10
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Since tlie pi’oduct o£ symbols A and B is  p o sitiv e , they must both be 
of the same sign . Furtliermore, only tliree reflexions involving symbol C 
were used. Part ( i i i )  was repeated using the syiibol signs shown in  
Table 21.
Trial structures
Four E-maps were calculated from the previous resu lts . Hie f ir s t  
and third, showed no recognisable features, but from both maps with A and 
B negative, i t  was possib le to construct a model o f two fused six-membered 
rings. Hiis is  shorn in  Figure 52 superimposed on tlie composite E-map.
A structure factor calculation  on tliese ten atoms using values o f  
B and K derived from the Wilson p lot gave an R-factor of 0 .62. Hiis was 
ratlier high, but even more disturbing was the subsequent electron-density  
map which fa iled  to reveal any furtlier atomic p osition s. I t  was f e l t ,  
therefore, that th is  model did not represent a true p artia l structure, 
and i t  was abandoned.
3.8 Patterson studies
Hie Patterson function P(uvw) was calculated in  three dimensions, 
f ir s t  using as co e ffic ien ts . In the orthorhombic system i t  is
defined as
P(uvw) = ^  Z E Z IF (hkl) cos2iT(hu + kv + Iw) (107)
h k 1 °
The subdivisions along eadi axis were chosen to g ive , approximately,
0 .3  X between each grid point and the sections were computed normal to 
tlie c -a x is. I f  the orientation o f  the molecules in  UBIP is  sim ilar to 
that in  the bromo-derivative, tlie molecular plane should l i e ,
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Figure 52.
Composite E-map showing the 
position of the two fused 6-membered rings.
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approximately, in the ab-plane. The f ir s t  thing noted was tlie low 
resolution,. I t  was, therefore, decided to sharpen tlie Patterson function  
by using |b P -  1 as c o e ffic ien ts . Hie map was contoured and then p lotted  
on ^Perspex’ sheets which were stacked together in a frame. Tlie f ir s t  
nine sections of the Patterson are reproduced in Figures 53-61.
Molecular orientation
Normally, attempts to retrieve information on atomic positions of 
lig h t atoms from a study o f the Patterson is  d i f f ic u lt ,  esp ecia lly  where 
the molecule is  large. However, where the structure is  composed o f  
rings, the addition of p a ra lle l vectors gives large peaks which stand 
out above the general background. Furthermore, because tlie separation of 
the rings in aromatic molecules is  normally about 3.5 X, any pealcs in  the 
Patterson less  tlian th is distance from the origin can be considered to 
arise from interatomic vectors witliin one molecule.
Because the structure o f UBIP is  composed en tirely  o f rings, an 
attempt was made to determine the orientation o f the molecule by 
considering tlie short (< 3.0 X) intramolecular vectors.
To avoid confusion, the peaks discussed are suffixed  by the section  
of the Patterson on which they appear.
Consider, f ir s t ,  a s in g le  benzene ring. Figure 62; tlie three.
o osig n ifica n t distances between any pairs o f atoms are 1.4 A, 2.5 A and
2.8 A. Vectors o f tlie type 1 ->■ 6 and 2 ->■ 5 w ill  be p a ra lle l to one 
another and w ill  superimpose on a Patterson w hilst vectors o f  the type 
1 ->• 3 w ill  be perpendicular to the former. The difference between the 
second and third distances may not be very apparent because of 
in su ffic ien t resolution.
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Fi Gure 55
Patterson sect ion (u,v
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Patterson sec t ion  (u ,v -^)
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Figure 61
Patterson sec t ion  (u ,v
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Figure 62
Relative orientation of vectors for 
a molecule of benzene
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The most prominent feature of die Patterson is  the appearance o f  
three heavy peaks A2, A5 and A7 o f approximately equal weight (600 on the 
scale used for outputting the resu lts) lying on tlie v-axis at the 
approximate positions
A2 : u = 0 .0  V = 0.049 w = 0.048
AS : u = 0 .0  V = 0.079 w = 0.104
A7 : u = 0 .0  V = 0.124 w = 0.146
On tlie section  (o w ) , the f ir s t  two pealcs cannot be Marker pealcs because 
tliey occur at 1.4 S and 2.7 S. from the origin . Hie third occurs at 3.3 X 
from the origin  and may be a vector betiveen syimnetr) -^related  molecules.
A lin e  drawn from tlie origin tlirough A2 to AS l ie s  at ai ^angle of 38 to  
the uv plane. I t  was concluded, therefore, that A2 and AS represent 
vectors between pairs of atoms, with approximately the same x coordinate^ 
which l i e  at an angle o f 38° to tlie ab-plane. Hiis is  in  good agreement 
with the in i t ia l  deduction of tlie orientation of the plane of tlie molecule, 
page 147, since die 044 and 043 planes l i e  at angles o f 34° and 41° 
respectively to die ab-plane.
Assuming that die plane o f die molecule in projection l ie s  in  the 
ab-plane without d istortion , possib le orientations o f the molecule were 
drawn, out on a t r ia l  unit c e l l  widi die necessary assumption that a 1.4 X 
distance lay within the (ovw) section . Six possib le orientations are 
shown in Figure 63(a )-6 3 (f). The dashed lin es represent vectors which 
should occur either in  or close to die (ovw) section . Each model was 
examined to see how many vectors o f length 1,4 X and 2 . 8  X would overlap. 
Model 63(a) can be discounted im ed ia te ly ; although possessing a large 
number of p ara lle l vectors, die length of die molecule is  approximately 
p a ra lle l to the 5 , 8  X (a-) ax is. However, i t  is  in terestin g  to note that 
vectors o f 2.5 X length between the f ir s t  and. third atoms o f the
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Figure 63 ( f ) .  Possible molecular orientations ofFigure 63(a)
UBIP with the assumption that a 1.4 R vector l i e s  within the 
ovw plane
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Figure 63(a) -  Figure 63( f )
184
Figure 63(a) - Figure 63(f )
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six-meiTbered ring of the indene moiety can now be p ara lle l to vectors o f  
1*4 X and 2.8 X lengtli. by virtue of tlie position  o f the five-menibered 
ring. Model 63(b) is  a d is t in c t  p o ss ib ility ;  the length o f the molecule 
is  approximately p ara lle l to the long axis of tlie unit c e l l .  Furthermore^ 
i t  possesses almost equal numbers o f 1.4 X and 2.5 X - 2.8 X vectors 
(c.p . pealvs A2 and A5> which are o f equal weight). Sim ilarly for 
Figure 6 3 (c), although the length o f the molecule does tend to be le ss  
p ara lle l to the c e l l  edge. Tlie length of the molecule in Figure 63(d) 
l ie s  p ara lle l to tlie short axis and th is can be discounted. Figure 63(e) 
is  another lik e ly  p o ss ib ility  and to a lesser  extent Figure 6 3 (f) . Hius, 
in  order o f best f i t ,  we have 63(b), 63(e), 63(c) and 6 3 (f) .
A furtlier pealc B8 l ie s  in tlie (ovsO section:
B8 : u = 0.0 V = 0.149 w = 0.167 
I t ,  too, l ie s  on t h e  lin e  joining the origin with A2 and AS at a distance 
of 4.3 X from tlie former, Altliough tlie length o f tliis  vector indicates
that i t  might be inteniiolecular, tlie fact tliat i t  l ie s  at 38° to the
ab-plane is  evidence for i t  to be composed of a 1.4 X aid a 2.8 X vector 
(X“Y), Figures 63(b), 63 (c), 63(e) and 6 3 (f). .It has a weight of 300, 
wliidi indicates tliat i t  is  composed o f approximately h a lf  the number o f  
vectors malcing up A2 or AS. Therefore, Figure 63(f) was discounted as a 
possib le orientation, since i t  has only one vector o f tliis  lengtli which 
lies p a ra lle l to v.
Consider now tlie peak BO, o f weight 300, which l ie s  at the point 
u = 0.235 V = 0.034 w = 0.0  
It  has length 1 . 4  X,  and obviously represents a C-C bond d ista ice  in  an 
aromatic ring. I t  l ie s  at an angle of 64° to the v -ax is. Since (ovw) is  
a Marker section , the weight (600) o f peaks lik e  A2 and AS would be h a lf  
tliis  value i f  they lay at a general position  in Patterson space. Now,
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(uvo) is  not a Marker section  in  space group Pbcm, and therefore the 
weight of peak BO is  approximately “tlie same as the weight o f peaks A2 
and AS and hence, is  composed o f about the same number of vectors. 
Furthermore, the pealc is  concentrated in  a small area and is  tlie ref ore 
composed of quite exactly p a ra lle l vectors.
Figures 64(a), 64(lo) and 64(c) show the possible molecular 
orientations witli the bond distances wliidi would compose tliis  vector 
marked in  dashed lin es .
Both Figures 64(a) and 64(b) have fiv e  vectors which would super­
impose, while 64(c) has only three. Furtliermore, 64(c) .should produce 
a large pealc at u = 0 .1 , v = 0.056, w = 0 from a superposition o f tlie 
adjacent atom vectors in  the benzo-pyran moiety. No such peak is  v is ib le  
on tlie Patterson map. Tlierefore, orientation 64(c) is  le ss  lik e ly ,
Pealc B1 may be due to tlie superposition o f tlie vectors betiveen atoms
C(6a) -  C(10b)and 0(8) - C(lo), Figure 12, in orientation 64(a) or the 
vector between 0(8) - C(6a) in orientation 64(b).
Pealc B4 which l ie s  at the position  .
u  " 0.359 V = 0 .0  w = 0.079 
is  2.45 X from tlie origin and is  probably due to vectors between atoms 
in the 1 and 3 positions o f the benzo-pyran skeleton. I t  l ie s  at an 
angle o f 30° to the uv-plane and defines tlie orientation o f the molecule 
rela tiv e  to the u-axis.
F inally, the pealc BO whidi l ie s  at 64° to the v-axis indicates that 
the plane of the molecule is  rotated 4° from the v -ax is.
Thus we can define tlie complete orientation of molecule 64(a) or
64(b) by reference to Figure 65, The vector AB l ie s  at an angle o f 3 °^
ou.
Figure 64(a) ~ Figure 64(c).  Possible molecular orientations  
of UBIP which give rise to the peak BO
188 -
Figure 64(a) - Figure 64(c)
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Figure 65
Possible molecular orientation of UBIP
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to the Liv-plaiie and is  rotated 4  ^ to tlie v-axis in an anti-clockwise 
di.rection. Finally, the vector AC is  rotated to the u-axiSc From 
tliese resu lts , and in the lig h t o f tlie molecular conformation o f BBIP, 
i t  is  possible to define tlie approximate relative position  o f the atoms 
in  UBIP.
Molecular translation
Once an orientation of tlie molecule is  found, i t  is  necessary to 
define the positions o f the molecule re la tive  to tlie symmetry elements o f  
the space group. Tliis can be done in  a number o f ways.
F irstly , the Patterson map can be searched for pealcs corresponding 
to adjacent atoms to define tlie position  o f the molecule. A lternatively, 
tlie Marker sections can be searched for pealcs between symmetr)^-related 
atoms. Unfortunately, tlie height o f such pealcs is  r e la tiv e ly  low and tliey 
may be lo s t  in the general background. H iirdly, one may use a rigid-body 
search procedure whereby tlie whole molecule is  stepped at sp ecified  
intervals around the asymmetric un it o f  the unit c e l l  in  the given 
orientation and some measure of f i t  calculated at each point. Tliis method 
i s  obviously o f great use i f  tlie conformation of tlie molecule i s  known 
with some accuracy, and tliis  was tried ,
Rigid-body searchmm mm mm wm wm mm wm mm
A computer program was w ritten for space group Pban which calculated  
40 structure factors in ten seconds. At a subdivision o f 0.2 X on eadi 
a x is, 32,000 calculations would have been needed to explore the asymmetric 
unit in one orientation alone requiring nine hours -computing time. In 
practice, the okl and hko projections were studied, eadi orientation  
being searched in h a lf an hour, taking advantage of the m-plaiie
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r e s t r i c t io n  (p .151).
At eadi step from the in i t ia l  coordinates, F^-values were calculated, 
using an overall isotrop ic temperature factor, and scaled so that
E|F^| = E|F^|. The R-factor was computed, and i f  i t  was le ss  t h a n  a pre­
se t value of 40%, atomic coordinates were printed.
Tlie resu lts for the old projection were veiy encouraging. Tlie best 
R-factor o f 35% was given by model 64(a) with a translation which placed 
the ends of symmetr>^~related molecules separated by tlie mirror plane at a 
distance of 3.3 X from each other across the plane. Four other trans­
lations , which gave R~factors le ss  than 40%, indicated tliat the c lo sest  
approadi of p ara lle l rings was le ss  tlian 2 .6  X.- For model 64(b), only one 
translation was found which gave an R-factor of .38% and a c lo sest approach 
distance of 3.0 X. Electron density projections were calculated for tliese
two best values and are shorn in  Figures 66 (a) and 66 (b).
Examination of tlie hko translation for model 64(a) gave two 
acceptable R-factors of 38% and 39%. The former o f these had a trans­
la tion  along the b-axis id en tica l with tlie best resu lt from the okl trans­
lation  seardi. No R-factor le ss  than 45% was found on hlco for model 64(b).
Tlie three-dimensional atomic coordinates were calculated for the 
model witli the identica l translations along the b-axis for die two 
projections. A structure factor calculation gave an R-factor of 52% for  
a l l  observed reflexions and a three-dimensional electron density map 
showed a l l  the atoms in  th eir  postulated positions. Three cycles o f  
full-m atrix least-squares refinement with individual isotrop ic temperature 
factors reduced die R-factor to 48% but no fur die r refinement could be 
achieved. I t  was f e l t ,  therefore, tiiat th is model did not represent die 
correct structure and d iis  lin e  of approach was discontinued.
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However, at a la ter  stage of th is work, the remaining possib le  
orientations previously described were tested by tlie rigid-body search 
procedure. None of these had R-factors lower than those already found.
3.9 A second data se t
At th is point, i t  was decided to attempt a solution  using a more 
sophisticated direct method approach, togetirer witli a d ifferen t method 
of calculating normalised structure factors. Ihe |E |- s ta t is t ic s  from 
the f ir s t  se t  o f data showed an ambiguity concerning the value o f <|E|> 
wliidi could not be explained, bhile there was no evidence tliat the data 
was in  error, i t  was f e l t  tliat the large nuiiher of unobserved reflexions  
(38%) may be having a detrimental e f fe c t . Consequently, a second data 
se t was co llected  under sim ilar conditions as previously, except that 
tlie maximum scanning time was increased to 1.2 seconds per 0.01° step  
across the peak. Of tlie 1496 reflexions measured, 1035 (69%) w^ ere 
considered observed using tlie same criterion  as before.
3.10 Direc t methods and the tangent formula
Pj-Ê.. die_ calcu lât i  on_^  ofnorm alise d_ s tructure _ factors
hie f ir s t  method used to calculate normalised structure factors 
assumed a d efin ite  form for the temperature factor. Karle and Hauptman- 
(1953) have pointed out that atomic tiiermal vibrations may d iffe r  
considerably from a Gaussian fom  and have proposed a method to 
calculate normalised structure factors whereby the exact form of the 
temperature factor need not be Icnown, Reciprocal space is  divided into  
concentric spherical sh e lls  wliicli should contain about the same number 
of reflexions in  eacli. For each s h e ll ,  the quantity IC(s) is  evaluated
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from tlie equation
2 0 2  (s)
K.(s) = - Y — , j - 1 , 2 ----- p (.108)
where s is  sin0/A for tlie j  sh e ll;  p is  tlie to ta l number o f sh e lls .
0 2  (s) is  tlie average in ten sity  for eadi sh e ll on an absolute scale and 
Nis  given by E f.% and h o  are the observed in te n s itie s . Equation (108) j= i 3 a
may be p lotted  as a function o f s at some average value o f s witiiin each 
s h e ll . Thus, the magnitude of any absolute in ten sity  Ij^  abs is  given by 
abs = 1^0 . K(s) (109)
and hence, tlie magnityde of the normalised structure factors are given
by
1 ^ 0  . K ( s )
A computer program was provided by courtesy o f Dr. D. S. Moss 
(Birkbeck College, London) to calculate normalised structure factors by 
tlie I(-curve metliod. The program divided reciprocal space into 12 ranges 
giving about 130 reflexions in  each range (tlie la s t  range contained 50 
reflexions) and calculated the value of K(s) for each range. The
in ten s itie s  o f reflexions which were considered unobserved ivere kept at 
th eir  measured values, hie values o f K(s) were determined by f it t in g  a 
polynomial, by a least-squares procedure, to the experimental data points, 
The program then evaluated |E| for each reflexion and estimated the 
s ta t is t ic a l  averages of the normalised structure factors. Table 22 l i s t s  
tlie data used in tlie calculation o f tlie K-curve wliidi is  shorn in  
Figure 67 for both the experimental data and tlie least-squares curve.
The values of e used were those given in Table 12 for space group Pbcm.
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Figure 67
Experimental and calculated K-curve for UBIP
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Before considering the shape of tlie curve, i t  is  worth.while to l i s t  
the s ta t is t ic s  of tlie normalised structure factors obtained with tlie new 
se t  o f data. They are shown in  Table 23.
A ll the values are very close to the tlieoretical values for a centric  
distribution , and do not show the anbiguity which was present in  the 
previous set of data.
Tlie shape of the experimental curve shows a d istin c t peak at
(sin0/X)^ of 0.136 and a corresponding trough at 0.184. Tlie calculated
curve c losely  follows tlie experimental curve except in tliis  region of
reciprocal space. Relative to tlie smooth calculated curve, the
|E I-values for reflexions lying witliiii the peak region (0.11 $ (sin9/X)^-
(• 1$ 0,16) are lower by the factor (K /^K )^  ^ where is  the experimental 
value of K. The converse holds for tlie reflexions lying within tlie 
trough region (0.16  ^ (sin0/X}^ $ 0 .22).
The ranges used in calculating the K-curve were altered , by changing 
the nunber of sh e lls , to see i f  tlie shape of the experimental K-curve was 
a function of the ranges cliosen but i t  was found tliat the shape of the 
curve was preserved. Tlierefore, i t  may be concluded that the shape of 
the curve is  a function of tlie structure. Tliis raises an in teresting  
question as to which curve is  to be preferred in tlie calculation o f  
normalised structure factors. . The |e 1-values greater than 2,0 are l is te d  
in Table 24 for the smooth curve togetlier with the corresponding values 
corrected, where applicable, for tlie variation of the experimental 
K-curve.
There are some large differences between tlie |E |-values calculated  
from the two curves, notably,
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TABLE 23
S ta tis tic s  and d istribution  of the 
normalised structure factors for UBIP 
Second data se t
Theoretical UBIP
Cent rosymme tr ie Non- centros)rmme t  r i c
<|E|> 0.798 0.886 0.790
<|EP> 1.000 1.000 1.025
<l|Ej‘- l |> 0.968 0.736 0.945
% |El>2.50 1.24 0.19 1.53
% |E|>2.00 4.56 1.83 , 4.21
% |E|>1.75 8.00 4.67 6.88
% |E|>1.50 13.40 10.54 12.70
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hkl 1^ 1 smooth iBlexptl (siii0/A) ^
288 2.69 3.26 0.1209
1,16,8 3.07 2.55 0,1942
2,11,10 4.13 3.46 0.1827
0,12,11 3.38 2.78 0.1841
Hie values o f (siii0/X)^ for these reflexions a l l  l i e  within the
pealc and trougli regions o f tlie experimental K-cur\re. From the d efin ition  
of K (s), Equation (108), i t  can be seen tliat since Z0 2  is  a smoothly 
varying function, the fluctuation in tlie experimental K-curve is  a function 
o f  the observed in ten sity  I^, which i t s e l f  is  a function o f the structure.
I t  would seem, therefore, tliat using a smooth K-curve suppresses the 
structural information contained within the observed in ten s itie s  which 
are then carried through to the calculation o f |È |-values. The correct 
curve to use appears to be tliat from the experimental observations.
N91'21§2i§ § i l 9 Çture_fhctors _us ing_ tbe_Debye_ formula
for estimation of <I>
I f  instead of using Efj^ = Zoz to define tlie average in ten sity , a 
function can be defined wliidi is  based on a ’molecular’ , rather tlian 
atomic, scattering factor for the structure, th is should fluctuate in  the 
same way as 1  ^ and tlie resultant experimental K-curve should be smooth.
The |BI-values calculated from tliis curve should not d iffer  appreciably 
from those calculated from the previous experimental curve.
Debye (1954) has given a formula for calculating the average in tensity , 
<I>, at a given value o f (sin 0 /,\), from a structure given the knomi 
rela tive  atomic positions.
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sin[4nT:j .(sin0/X)]
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where 6uid are tlie atomic scattering factors for a pair of atoms 
separated by f^j.
The relative atomic positions for one molecule of BBIP (excluding 
the bromine atom) were used to calculate a curve of the average in ten sity , 
<I>, in intervals o f 0.05 in  (siii0/X). 'Hiis curve is  shown in Figure 68.
Tlie values o f <I> were used in place of the atomic scattering factors 
as input to the |E |- values program using tlie same ranges as before. Hie 
resultant K-curve is  shown in Figure 69, tlie s ta t is t ic s  of tlie normalised 
structure factors in Table 25 and tlie |E |- values greater than 2.0 in  
Table 26.
The experimental K-curve closely  follows the calculated curve with 
a few minor variations. Hie peak and trough whidi were present in  the 
previous experimental curve have disappeared and tlie |e | - s ta t is t ic s  show 
l i t t l e  variation from those obtained in  Table 23. The most in teresting  
feature l ie s  in tlie actual calculated |E |-values. Hie values obtained 
with the present curve agree very w ell with tliose obtained from the 
preidous fluctuating K-curve. Thus, comparing Hie reflexions previ.ously 
quoted, we have
h k l , 1^ 1 smooth 1^ 1exptl Debye
288 2.69 3.26 3.41
1,16,8 3.07 2.55 2.58
2,11,10 4.13 3.46 3.57
0,12,11 3.38 2.78 2.90
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<I> calculated from the Debye formula v. sin6/ A
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Experimental and calculated K-curve for UBIP 
<I> estimated from the Debye formula.
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TABLE 25
S ta tis tic s  and d istribution of tlie normalised structure 
factors for UBIP, <I> estimated from the Debye formula
Theoretical UBIP
Cent rosymme t r i  c Non-centrosymme tr i  c
<|E|> 0.798 0.886 ' 0.789
<|E|2> 1.000 1.000 1.014
<||E|*-1|> 0.968 0.736 0.932
% |e |>2.50 1.24 0.19 1.40
% |E|>2.00 4.56 1.83 3.61
% |E|>1.75 8.00 4.67 6.48
% 1E|>1.50 13.40 10.54 12.37
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Values o f |E| from the previous calculation whidi did not l i e  witliin  
tlie fluctuating region also show good agreement.
Certain discrepancies have occurred, for example, 044 had a 
|E I-value o f 2,50 with tlie previous calculation but now has an |e | - value 
of 1.84, Tlie (sin0/X)^ value of tliis  reflexion l ie s  below tlie value o f  
tlie f ir s t  experimental point on the K-curve and the discrepancy is  due 
to the differences in  extrapolation for tlie two curves.
In summing up, i t  appears that in calculating tlie |e | - values, the 
exj^ierimental K-curve should be used and any attempt to smooth out the 
fluctuations (e .g . in  tlie calculation of a least-squares lin e) should 
be avoided,
Tlie tangent formula
At tlie same time as tlie second se t  of |e | - value data was obtained, 
a new direct method program ’Multan’ (German, hfeiin and Woolfs on, 1971) 
became available. Tliis program uses a modified form of tlie tangent 
formula o f Karle and Hauptman (1956). The tangent formula is
V l P
where (|), is  tlie phase associated with tlie normalised structure factor  
Ej^ Qi = hkl) and is  defined by
■f-h = " V k )  (11^)
Figure 70 shows graphically the basis o f the tangent formula for 
determining phase angles. Eadi phase indication contributing to 
Equation (113) cai be regarded as a vector o f length 
direction (<j)j^  • Combination of the vectors is  accomplished by
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Figure 70
Graphical basis of the tangent formula
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separately adding the components on tlio real and imaginary axes and 
tlien combining tJie tvvo values to give the tangent o f the required 
phase anglec
A description of ’Multan' w il l  be given la te r , but the merit o f  
tills  program for the solution of centrosymmetrie structures l ie s  in  
tlie d ifferent strategy i t  adopts rather than the actual use o f the 
tangent formula whidi can be reduced to tlie %% formula for cent.ro- 
symmetric space groups. Reference to Equation (112) shows tliat since 
’die phase angle can only be 0 or tt, tlie numerator becomes zero and the 
denominator reduces to 2 . (±1).
A large nuipher of starting se ts  with and without the addition of 
El reflexions (see later) were tr ied  but to no avail. Extensive 
exanination of E-maps together wdth subsequent structure factor and 
Fourier calculation fa iled  to reveal the structure although, when i t  
was possib le to identify  fragments o f the molecule, they were nearly 
always in  die same orientation as predicted from tlie previous s tu d ie s . 
The above procedures were carried out using |E |-values calculated  
from both the smooth and experimental K-curves.
As a next attempt, i t  was decided to try to solve tlie structure 
in  the non-centrosymmetrie space group Pca2i, however unlikely t liis  
mi gilt have seemed on the basis o f the |E |-s ta t is t ic s  and N(2) te s ts .
3,11 Direct methods and non-centrosymme tr ie  space groups 
^Multan^
’Multan' defines a number of so lu tion s, based on a permutation o f  
tlie sign symbols, and c la s s if ie s  them by figures o f merit; i t  operates
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in  three d istin c t parts.
The f ir s t  o f  these sets up relationships o f the type
‘t’h = V k  (114)
and each relationship is  allocated a weight given by
■ I (115)
N
when cr = ^
The second part uses the space group information to detemu.ne tlie 
types of reflexions required to define the origin and, where appropriate, 
the restr iction s placed on the phase values by the space group s)nmetry.
In determining tlie best starting point, tlie program evaluates a quantity 
for each reflexion  (Karle and Karle, 1966) given by
tPhk'^ °^ ('t'k V'dP + [Fhk^ ™(i'k + Vdl" (lie
where is  given by Equation (115). is  a measure o f the r e l ia b il i ty  
with wliich the phase <|)j^  may be determined by the tangent formula. Hie 
graphical representation of is  shown in Figure 71. Figure 71(a) 
shows tliree contributors to Equation (115) where each vector has magnitude 
Siven by equation (13.5) and a phase (4)^  + 4>j.^ _|^ ) which l ie s  close to  
the true value In th is case, vector addition resu lts in  a large
value o f In Figure 71(b), i f  eacli phase indication i s  poor, that i s ,  
the phase predicted by (4>j^  + does not l i e  close to tlie true value,
a small value of w ill  resu lt.
Figure 72 shows the graph of a against tlie variance o f the phase
angle c{), while Table 27 shows tlie variances and standard deviations o f
(j)j^  for a range of values As can be seen, the highest values of a
2 1 1  -
Figure 71
The composition of d i f ferent  phase indications  
({). + with amplitude to give a 
resultant  amplitude and phase ^
21 2
3.0
V
2.0
Figure 72
The variance of the distribution of as a function of
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TABLE 27
Variances and standard deviations for a range of a
a V (radians^) (degrees)
0 .0  3.290 103.9
0.5 2.349 87.8
1.0 1.604 72.6
1.5 1.091 59.8
2.0 0.764 50.1
2.5 0.563 43.0
3.Ô 0.437 37.9
3.5 0.354 34.1
4.0 0.298 31.3
5 .0  0.227 27.3 .
6 .0  0.184 24.6
7.0 0.155 22.6
8.0 0.134 21.0
12.0 0.087 14.6
16.0 0.065 14.6
20.0 0.051 13.0
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correspond to tlie highest probability o f a phase angle lying close to 
i t s  true value.
In the absence of phase information, the value o f can be estimated 
(Germain, Main and Woolfson, 1970) from the relationship
I. (K],v)Ii
k fi
where and 1% are modified Bessel functions.
A good starting point in  a d irect methods structure analysis uses 
the strongest phase relationsh ips, and reflexions with the largest 
provide the most re liab le  indications of a phase.
Tlie dioice of a good startin g  se t  is  accomplished in 'Multan' by 
tlie progressive elimination o f tlie reflexion witli the lowest aj^ , along 
with a l l  tlie reflexions with wliidi i t  forms phase relationships. At 
th is point, tlie values for tlie reflexions involved in  tlie above phase 
relationships are calculated. Once more, the reflexion  with the lowest 
is  discarded and the process repeated u n til the number of reflexions  
remaining is  the number required in tlie starting s e t ,  the origin and 
symbolic reflex ions. The program l i s t s  the resu lts of tliis  procedure, 
stage by stage, which is  ca lled  a convergence map. I f  tlie necessary 
reflexions for origin d efin ition  are not present in those remaining, the 
convergence map is  examined, in reverse, for reflexions which w il l  
sa tis fy  the conditions. I t  can be seen tliat as tlie worst reflexion  (in  
terms of a^ )^ is  eliminated at eadi stage, the process converges on tliat 
group of reflexions wliidi are linked together with strong phase indications, 
which should provide a good startin g  point. I t  is  necessary to examine 
the l i s t  o f symbolic reflexions to ensure tliat no redundancies e x is t .
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The program incorporates f a c i l i t ie s  for including the phases of  
reflexions determined by tlie Ej formula in die starting  s e t ,  and o f  
se lec tin g  another starting s e t  by hand i f  die one chosen by the program 
is  not satisfactory  or does not lead to solution of die structure.
Determination of die actual phase is  accomplished in  the third  
part o f 'Multan’ using a weighted tangent formula:
"b P%'%-k I h '% -k  I V d  \  ^
where Wj^ , the weight associated with any phase {f)j^  is  given by
\  = tanli CJ (119)
and (120)
Hie weights of a l l  reflexions in the starting se t are se t  to 1 .0 , 
while reflexions whose phases are undetermined are given a weight of 
zero.
The merits o f die weighted tangent formula are that a l l  reflexions 
are included during the entire phase determination and refinement process, 
and tiiere is  no rejection criterion  for a phase other tlian die weight 
being zero. Hie form o f tlie weighting ensures that poorly determined 
phases have l i t t l e  e ffe c t  in  die generation of other phases, while the 
fact that a l l  phases are included in  the phase determination process
leads to e f f ic ie n t  propagation o f phase knowledge throughout die se t  of
reflex ion s.
For each se t  o f phases determined, two figures o f merit are computed. 
Hie absolute figure of merit (ABS.FOM) is  related to defined by
Equation (120). O riginally, i t  was seen in Figure 71 how can be used
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as a measure o f tlie r e l ia b il i ty  with whicli a phase may be determined.
Hius, a se t  of phases having a high value of Eat w ill  indicate that theh "
phases are w ell .determined. Ihe value of Ea  ^ can also be put on an 
absolute scale to give ABS.FOM.
Equation (117) was' used to calculate tlie ’expected’ values of 
for a particular data s e t .  Excunination of tlie function
shows i t  to be of the form in  Figure 73. I t  can be seen that the maximum 
value of tills function ->-1 as increases. I f  a l l  the values of are 
sm all, tlien i t  can also be seen that
  % 0
b W
and substitution in Equation (117) gives
“ij “ (121)
This i s  the value o f assuming a random co llection  o f phases and 
summing over a l l  h gives
Thus, ABS.FOM can now be defined as
~ ^^ h^^  random
ABS.FOM = -----:---------------    (123)
 ^^ 1^  ^expected ^ random
Correct phase sets usually have ABS.FOM values in  the range 1.0 to 
1.3 although values as high as 1.6 have been noted (Ladd and Povey, 
1973).
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lo(K)
Figure 73
The behaviour of  the function
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M ille the correct se t of phases may normally be chosen on the 
basis o f ABS.FOM., i t  is  sometimes useful to consider also the second 
figure of merit,- RBSÏD.
RESID is  an oi'dinar);  ^ ciystallographic residual for the equations 
of = K<E|^ .Ej^ ^^ >^ and is  very sim ilar to the R~factor (R-Karle} 
defined by Karle and Karle (1966, loc. c i t .} ,
ïlie scale factor, K, i s  calculated from
I t  is  not sucli a powerful discriminator as ABS.FOM. as w il l  be seen
la ter ,
hie formula
hie Si formula (Hauptman and Karle, 1953} indicates tlie phases o f  
reflexions which are structure invariants and, i f  desired, can be used 
as additional reflexions in  the starting  se t. In space group PcaZj, 
tlie [OOl] zone is  centrosymme tr ie  and the Si formula can be applied.
I t  can be written as
hie relationship can be modified by the particular space-group
symmetry. For example, a S% phase indication involving an hko reflexion
in  space group Pca2i could be w ritten as
^%2ko -  ^hkl ^hkl (12G)
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Now,
l-hkl = * i$ l " (127)
and since = -<|>,^ j^
W  “ - ^ h k l  " ’^ l (128)
Substituting in (126) gives
th2ko ~ " W  '' ^1 " W  (129)
% irl
h ie Si expression can be w ritten as
"®2h2ko) ~ " ( ( - l ) ^ ( l l ik l l '  -  D )  (130
for one indication or talcing a summation over a l l  values o f 1 gives the 
expression
s(Ezhzko) " s(% (-l)^(l% hkll' - D )  (131)
Tlius, the phase of a reflex ion  such as 16 2 0 could be determined by 
using the |E |- values o f a l l  reflexions o f tlie type 8 1 &.
Origin d efin ition  in non-centrosymmetric space groups
Structure invariants are tliose phases (or linear combinations o f  
phases) whose values depend on the structure alone and are independent 
o f tlie choice of permissible origin and, tlie re fore, of the chosen form 
of the structure factor.
With a primitive centrosymmetric structure, in the t r ic l in ic ,  
monoclinic or orthorhombic systems, one is  able to dioose arb itrarily  
the phases of tliree reflexions subject to certain rules (p .157 f f . ) as 
a way of fix ing tlie origin  o f the unit c e l l .  I t  can be done also for 
non-centrosymnetrie space groups, and the subject has been treated
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formally by Hauptman and Karle (1956). In th is section , space group 
PcaZi alone is  considered.
From the structure factor given in  tlie International Tables (Vol. I ) , 
there are four permissible origins on 2% axes, lying at the positions  
0 0 %, |o z , OgZ and
The geometrical part of the structure factor, has d ifferen t
forms, dependent on tlie p a rities  o f h and 1, and they are listed , below:
h = 2n, 1 = 2n
" 4 c o s 2 tt1i x  c o s 2 m k y  e x p ( 2 ï ï i l z )  ( 1 3 2 )
h ~ 2n, 1 = 2n + 1
^ li lc l  ^ d s in 2 'ir h x  c o s2 -n l(y  e x p ( 2 i r i l z  +  “ ) ( 1 3 3 )
h = 2n + 1, 1 = 2n
^ h k l  ~ “ 4 s iii2 7 T h x  sinZirky e x p ( 2 ï ï i l z  + i r i )  ( 1 3 4 )
h = 2n + 1, 1 = 2n + 1
^ lilc l ^ 4 c o s 27t1i x  s in 2 iT l< y  e x p ( 2 n i l z  + ^ )  ( 1 3 5 )
Table 28 shows how the phase angles for d ifferent parity groups 
change with change of origin . The p ositive  and negative signs indicate 
only a change in the re la tive  phase angle as tlie origin is  sh ifted . I t  
can be seen from the table tliat tlie re la tive  phase changes for any tivo 
groups witli the same parity o f h and k are id en tica l and furtdiermore, 
when botli h and k are even, there is  no phase change from one origin  to 
the next.
For a fixed  form o f the structure factor, there ex ists  certain  
phases (or linear combinations of phases), known as structure senu 
invariants whose values depend only on tlie structure and are independent 
of the choice of origin permitted by tlie chosen form of the structure 
factor.
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TABIh 28
Relationship between origins and parity groups in space group Pca2^
E 0 E E E- 0 0 0
E E 0 E 0 E 0 0 p arity  group
E E E 0 0 0 E 0
Origin
0 0% •I- + + •{• f 4- + '1-
2 0 2 + - + 4* + — —
0 i z + -I' 4- — — -
a  ^ z + 4- « +
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A reflexion  is  only a structure invariant in space group Pca2i, 
in  fact in a l l  space groups of crystal class m \\2  ( 2 / /z ) , i f  and only i f  
li and k are botli even and 1 is  zero. .
From t l i i s , i t  follows that reflexinns with p a rities  eee and eeo 
have seminvariant phases.
Three reflexions may now be diosen subject to tlie rules given below, 
to  define the origin:
(1) No reflexion  may be se lected  which is  a structure invariant 
or seminvariant.
(2) No two reflexions may be diosen from tlie same parity group.
(3) Hie sum o f tlie p a r ities  of two of the sets of indices must
not equal the p a r ities  o f the indices of tlie third reflex ion .
In solving non-centrosymmetric structures by d irect methods, i t  is  
convenient to be able to pick reflexions to define the origin  whose
phases are restr icted  to certain values. In space group Pca2i, the Idco
reflexions have values restr ic ted  to 0 or tt.  hvo o f these reflexions 
may be diosen togetlier witli one likl reflexion , a l l  subject to the above 
ru les, and allocated phases o f zero in  order to f ix  the origin .
I t  can be seen from Equations (132) to (135) tliat the phase o f a
general reflexion wliidi is  lin early  independent o f tlie f ir s t  two
reflexions e ffec tiv e ly  moves tlirough 2?t1 radians as tlie origin is  moved 
tlirough a repeat distance along the z-axis (z = 0 ->- 1), hence,
^h ~ ^h  ^ 2^ '^ Therefore, the assignment o f a phase to a third general
reflexion  fixes the origin at one of the 1 d ifferent positions in tlie
z-direction. To f ix  the origin  uniquely in th is d irection, 1 must be 
prim itive or equal to +1.
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Consider now die case tliat there are no hko reflexions witliin the 
se t  of |E |-data whidi could be used to provide a re liab le  starting  point 
for phase determination. In fa c t, reference to Table 29 shows only four 
hko reflexions (code nimhers 99, 116, 131, 151) which are not structure 
invariants. The largest value o f |E| witliin th is group is  only 1.75, and 
since i t  is  almost mandator)'' to choose reflexions with both the largest 
|EI-values and large numbers o f interactions in order to obtain a 
reliab le  starting point (Germain, Main and Woolfson, 1970), i t  was 
necessary to dioose general reflex ion s, subject to the rules given, but 
tlie phases given to these reflexions must be allocated with care.
Among the f ir s t  ten reflexions in  Table 29 there are no hko 
reflexions present', and an obvious f ir s t  dioice i s ,  therefore, 716, with 
an a o f 107.1. Hie second reflexion  with tlie next highest a  is  414 and 
again, th is would seem to be an adequate d ioice. The reflexion  with tlie 
tliird highest, value o f a is  816 but, being of tlie same parity as 414, i t  
cannot be used. Hence, 817 was diosen.
Phases allocated to two o f these reflexions w il l  define tlie 
permissible origin with respect to x and: y.
' . The
 ^ cannot be 414 and 817 because they are of the same parity in  
h and k, and reference to Table 28 shows tlie relative phase s h if t  to be 
tlie same for both reflex ions. We may Hie re fore pick 716 and 817 or 716 
and 414 and a llocate a phase to each of these.
Hie phases which may be allocated to origin-defining reflexions may take 
any general value (unless restr icted  by die space-group symmetiy) but i t  
is  convenient to use the value tt/^ as is  the case with ’Multai’ ,
However, a. sing le  phase allocated to the tiiird reflexion , while defining
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a position  on die z-ax is, does not define die direction of +z. Movement 
from an arbitrary point on d iis  axis in  die -i-z and -z  directions 
correspond to d ifferent phases. Therefore, bodi die p ositive  and negative 
values o f d iis phase must be tr ied . Examination of equations (132) to 
(135) shows which values must be used for either the 414 or 817 reflexions 
to define die direction o f z.
Hie phase component o f die 414 reflexi.on (li “ 2n, 1 = 2n) is  
exp(2ïïilz). Fixing the values o f the phase to be assigned to d iis  
reflexion  as ± tt/^ g iv es , for
2 r ilz  = ^
and hence,
 ^ " I i  •
Obviously, fix in g  the values as -Tr/^  gives the resu lt  ^ ^  • Tlie
phase o f die reflexion thus defines the origin in e id ier  a +z or -z  
direction.
However, considering 817 (li = 2n, 1 = 2n + 1) as die other possib le  
choice for the third reflexion  gives for +ir/^,
2^ilz = f
2irlz = -ir/^
and for -m/^.
2tt1z = -3m /^
2 = -  |j -
which does not define the p ositive  and negative d irections. I f  we wish 
to use the 817 reflexion for th is purpose, the phases allocated must have 
the values and 3ir/  ^ to define the direction of z.
Yo owe. o çVvDi\ c>
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Thus for ir/^,
while for 3w/^,
z " 18&
2 r i.lz
ZttI z  =  tt/ ^
I t  can be seen, therefore, that where general reflexions are to be 
used to define an orig in , tlie dioice o f phases to be assigned is  by no 
means obvious, and procedures s im la r  to those above should be carried  
out for other space groups.
Phase determination applied to UBIP
I t  was decided to raise tlie minimum value of |E |to  1.55 (orig inally  
1.50 had been used in the centrosymmetric d irect metliods), so as to keep 
tlie associated probab ilities as high as possible at the e x p e n s e  o f having 
s lig h tly  fewer reflexions with which to calculate E-maps.
Furtliermore, i t  was decided to use f ir s t  the |E | -  values calculated  
from die K-curve with <I> estimated from the Debye formula ( i . e .  the 
equivalent of using an experimental ratlier tlian smooth K-curve).
Experience with ’Multan’ (Germain, Main and Woolfson, lo c .c i t . )  has 
shown that tlie number of phase relationships required is  about s ix  to 
ten times the number of reflexions used, and to tliis  end tlie 1100 strongest 
Ï 2 relationships were se t  up from tlie 159 reflexions input. Hie minimum 
value o f |Ej^ .E|^ .Ej^ __^ | was 5.50,
\ \ o o /3
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Apart from tlie three origin-defin iug reflexions required, symbolic
reflexions must be allocated  in a sim ilar manner to that in the centro-
symmetric case. I t  was decided in i t ia l ly  to use two symbolic reflexions
and application of die convergence routine to the data o f UBIP resulted
in  fiv e  reflexions being chosen. Hie fin a l portion of tlie convergence
map is  shown in Table 30. With reference to tlie f ir s t  l in e , th is table
sta tes  that tlie reflexion  about to be eliminated has a code number of
113 (Table 29) and indices 15,1,13. Hie estimated a  o f th is  reflexion
at th is time is  5.83 and i t  is  involved in four phase relationsh ips, and
tliey are as follow s, using the code nmtbers from Table 29:
^ 1 1 3  (f)9 "1 with a of 2*32
~ 7^ + ^19 ** *' 2*18
*113 % *3 + *43 " " 2.17
*113 ~ *24^ *33 " " 1.58
Hie value o f 12 between, for example, the code nunhers 100 and 1 and
12the value of 2.95 (lin e 5) indicates that a component o f (Y )^2m 
has been added to tJie indices o f the second reflexion  in forming a 
t r ip le t  relationship between reflexions 19, 100 and 1.
In th is manner, a l l  reflexions were eliminated except the following
fiv e  :
h k 1 code |E| No. o f contributors
8 1 6 5 3.36 48
12 0 11 8 2.90 28
8 1 8 2 3.63 39
8 1 7 9 - 2.84 60
7 1 6 1 3.92 51
tliese reflexions were used to define tlie origin while the
remaining two were, used as symbolic reflexions. Hiere are no redundancies 
in  th is starting se t.
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In general, i t  has been shown by many workers in th is  f ie ld  that 
i f  a newly determined phase is  within about 45  ^ of i t s  true value, i t  
w il l ,  in  turn, lead to useful new informât ion. Ihus, giving the values 
± tt/^ and ± 3ir/  ^ in tum  to eadi of the syiiholic reflexions means that at 
some stage tlrey w il l  witlr certainty be within 45° of their true value.
One could, of course, decrease the p o ss ib ility  of error by taking 
m ultiples o f ir/g in place of it/^  but instead o f the previous 16 
combinations tliere would then be 64. Tire origin-defin in g  and symbolic 
reflexions together witlr Üreir associated phases are showir in  Table 31.
One indication was found. I t  was tire 16 ,2 ,0 , whose phase was 0 
with a probability of 0.98. However, rather tlran use th is  reflex ion  
in  the starting s e t ,  i t  was decided tlrat i t s  phase could be an additional 
criterion  in determining tire correct se t  o f phases.
Estimation of tire phases for the complete se t of reflexions was 
carried out using the weighted tangent formula, equation (118). Tire 
program determined in i t ia l  phase values for the complete data se t  in  the 
order indicated by tire convergence map, using each o f  the possible  
starting  sets in turn, Hrus, in tire case of UBIP, tire re were 32 
possible combinations o f starting  phases. The procedure may be illu str a ted  
with reference to Table 30. Tire la s t  reflexion  to be eliminated in the 
convergence procedure was the 4 ,1 ,17. Therefore, th is  reflexion  is  the 
f ir s t  to have i t s  phase determined by tire tangent formula, using the 
reflexions with code numbers 5 and 8 (816 and 12 ,0 ,11). Phase deter­
mination proceeds in th is  way, e ffe c tiv e ly  using tire convergence map in 
reverse.
Qrce the phase for the complete se t  of reflexions had been 
determined, tlrey were refined to self-consistenc)'' in  the same order.
230 -
TABLE 31
Origin defining and symbolic reflexions for UBIP
h k 1 |E| Starting phase
Origin defining 7 1 6 3.92 0
reflexions
8 1 6  3.36 1 n/ 4
8 1  7 2.84 - n/ 4
Symbolic 8 1 8 3.63 ± rr/  ^ ±
reflexions
12 0 11 2,90 ± tt/^4 ± 3ir/^
^  S ê Ê .  Ç - o e V  A t s V c  <> V\ ^  . Ç y ' X Ç
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F inally , tlie reflexions in  the startin g  s e t ,  which u n til now were kept 
fixed  in phase, were allowed to refine to their fin a l values, and the 
figures o f merit were calculated. They are l is te d  in  Table 32,
Several figures o f merit were greater than 1,0 whereas a l l  previous 
work with ’Multan’ had given figures of merit between 0.6 and 0 .8 ,
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TABLE 32
Starting phases and figures o f nierit for UBIP
Setnunèer
Starting phases (°) o f  orig in  reflex ions and symbolic reflexions ABS FCM l^SID
716 816 817 818 12,0,11
1 0 45 45 45 45 1.109 26.9
2 0 45 45 135 45 1.111 27.3
3 0 45 45 225 45 0.953 31.9
4 0 45 45 315 45 0.929 30.6
S 0 45 45 45 135 1.099 28.5
6 0 45 45 135 135 1.005 31.6
7 0 45 45 225 135 0.881 33.1
8 0 45 45 315 135 1.099 28.0
9 0 45 45 45 225 0.984 28.8
10 0 45 45 135 225 0.966 30.3
11 0 45 45 225 225 0.892 30.6
12 0 45 45 315 225 1.006 34.3
13 0 45 45 45 315 0.895 30.6
14 0 45 . 45 135 315 0.939 31.7
15 0 45 45 225 315 1.028 29.1
16 0 45 45 315 315 1.035 28.1
17 0 315 45 45 45 0 30-3
18 0 315 45 135 45 0.984 28,8
19 0 315 45 225 45 1.006 34.3
20 0 315 45 315 45 0.892 30.6
21 0 315 45 45 135 1.005 31.6
22 0 315 45 135 135 1.099 28.5
23 0 315 45 225 135. 1.099 28.0
■ 24 0 315 45 315 135 0.881 33.1
25 0 315 45 .45 225 1.111 27.3
26 0 315 45 135 225 1.109 26.9
27 0 315 45 225 225 0.929 30.6
28 0 315 45 315 225 0.953 31.9
29 0 315 45 45 315 0.939 31.7
30 0 315 45 135 315 0.895 30.6
31 0 315 45 225 315 1.035 28.1
32 0 315 45 315 315 . 1.028 29.1
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Table 33
Final phases from 'Multan' for starting se t 2
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An E-map was calculated witli the 159 reflexions from se t  2, and 
carefully  examined to see i f  any elements of tlie structure were v is ib le . 
From th is E-map, i t  was possib le to construct one complete molecule in  
an almost id en tica l orientation to tiiat derived from previous stud ies. 
The composite E-map is  shown in  Figure 74. Elements o f a second 
molecule were also v is ib le , but rather tlian attempt to build th is  up, 
i t  was decided to see whether a Fourier syntJiesis phased on tlie one 
complete molecule would reveal the second. I t  was f e l t  that th is  
procedure would be a good te s t  of tlie correctness o f the p artia l 
structure.
A structure factor calculation using the 17 atoms from the f ir s t  
molecule with a scale factor derived from tlie calculation o f the 
normalised structure factors and an overall temperature factor of 
3.5 gave an R-factor on t h e  observed reflexions of 49%. The 
subsequent Fourier s)n tliesis using a l l  tlie observed reflexions  
revealed a second molecule in  an almost id en tica l orientation to the 
f ir s t  and related to i t  by a pseudo-centre of symmetry. A structure 
factor calculation using tlie 34 atoms from botli molecules gave an 
R-factor o f 30%.
3.12 Preliminary least-squares refinenient
Refinement of tlie position a l and isotrop ic thermal parameters and 
an overall scale factor resulted, a fter four cycles, in  an R-factor of  
17.0%, botli molecules being refined simultaneously. Tlie z-coordinate 
for atom 0(5) o f molecule 1 was fixed to define the origin  along tlie 
z-axis.
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Figure 74
Composite E-map for 
UBÏP
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A 3“dimensional difference Fourier syntliesis did not indicate  
misplacement o f any atoms.
At tliis point, i t  was found tliat some of the isotrop ic temperature 
factors of equivalent atoms o f the tivo molecules showed large 
differences, in extreme cases, one being almost double the otlier. A 
bond length calculation also showed large differences in  equivalent 
bond lengths o f the two molecules, e .g . C(6)"C(6a); 1.28 A, molecule 1; 
1.60 8 , molecule 2. Nevertlieless ,• i t  was decided to continue tlie 
refinement using anisotropic temperature factors although tlie ratio  
of tlie number of reflexions to tlie nuiiiber of variables was only 3.4.
Three cycles of le a st  squares further reduced tlie R-factor to 
13.9% and although tlie differences in  tlie temperature factors were s t i l l  
apparent, tlie differences in tlie equivalent bond lengths were not so 
marked.
Before any furtlier refinement was carried out, i t  was decided to 
see i f  any better resu lts in  terms of equality of bond lengths between 
the tivo molecules could be obtained by alternate refinement of each 
molecule. Certainly, tliis  metliod gives double t h e  ratio  of reflexions  
to variables but i t  was found tliat the differences in some bond lengths 
wwe as mucli as 0.4 8 and tlie sh ifts  from one cycle to the next were ver>'’ 
large. This procedure was, therefore, discontinued,
Least-squares refinement in the centrosymmetric space group
It has been found tliat in  certain cases, the solution o f a 
centros)mimetrie structure has only been achieved when the procedures 
have been carried out in  the corresponding non-centrosymmetric space
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group. To tliis end, an attempt was made to ref me the structure of 
UBIP in Pbcnu Ihe approximate position  of the pseudo-centre of symmetry 
was found by averaging tlie atomi,c coordinates o f the two molecules. Tlie 
coordinates of molecule 1 re la tive  to the pseudo-centre translated to
tlie origin in  Pbcm were calculated and four cycles o f least-squares
refinement were carried out witli indi vidual isotrop ic temperature-
factors applied to each atom. Hie R-factor obtained was 42%.
Furtliermore, a packing diagram was draim out in Pbcm and i t  was 
found tliat there were intermolecular contacts o f less  than 3.0 8  
between the ends of adjacent molecules.
On tlie above evidence, i t  was decided that tlie space group was 
PcaZi and least-squares refinement in the la tter  space group was 
continued.
Final least-squares refinement
A three-dimensional difference-Fourier map was calculated with the 
R-factor at 13.9%. No undue fluctuations were noted and the positions  
of the 20 hydrogen atoms were found although tlie maxima were small. I t  
was also decided to apply a weighting scheme and an agreement analysis 
of the variation of (|Fq| ” |F(^|) against |F^| was calculated for eight 
ranges o f |Fq| .  This showed tliat a weighting scheme suggested by 
Hughes (1941) could be applied to the data. This sdieme gives unit 
weights to most reflexions but down-weights those with tlie largest values 
of |F^|. Hius, i f  the weight to be applied to eadi reflex ion  is  w, then 
w = 1.0 i f  a constant, G, is  le ss  than |F^|or w =  ^ ÎF G is  greater
tlian |Fq|* The value of G was chosen as 30.0 and application o f th is  
weighting scheme showed the values of <wA^ > to be approximately constant.
-  238 -
Table 34 shows tlie values o f <A^ > before and after the application o f  
tlie weighting scheme.
Three furtlier c>^cles o f least-squares refinement, including the 
contribution o f the hydrogen atoms whicli were not refined, reduced the 
R“factor to 12.2%. A bond-lengtli calculation s t i l l  showed some marked 
differences beb\feen equivalent distances in tlie two molecules but 
attempts to move the atoms to more physica].ly reasonable positions only 
resulted in  tlieir being returned to tlieir original p osition s.
Two more cycles were carried out with a p artia l s h if t  factor of 
0.4 applied. No furtlier change in the R-factor was noted. Hie sh ifts  
in  the parameters at th is point were about 0.3 o f tlie corresponding 
standard deviations and tlie refinement was terminated.
A fin a l difference-Fourier map was calculated which showed random 
fluctuations no greater tlian 0.3e 8
The f in a l atomic positions and anisotropic tiiermal parameters, 
togetlier with their estimated standard deviations, are shown in Table 35 
for a l l  atoms except hydrogen. Hie unrefined hydrogen atoms coordinates 
and tlieir isotrop ic temperature factors are shown in  Table 36.
The observed values o f |F^| and tlie f in a l calculated structure 
factors are shown in Appendix 4.
Hie resu lt in  terms o f tlie R-factor was disappointing. I t  appears 
tliat normal least-squares refinement is  not completely successfu l when 
a large element of pseudo-symmetry is  present in the structure. Certainly, 
observations of tlie correlation matrix in tlie fin a l stages o f refinement 
indicated strong correlation between equivalent atoms of the two 
molecules related by tlie pseudo-centre o f symmetry.
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TABLE 34
Data for the weighting scheme applied to UBIP
l^ol range Number of  reflexj.ons <A%> Wei^rt <wA%)
0.0 7.5 192 6.36 6.15 1.0 6.15
7.5 - 10.0 236 8.71 7.11 1.0 7.11
10,0 “ 12.5 169 11.12 7.34 1.0 7.34
12.5 - 15.0 97 13.69 6.48 1.0 6.48
15.0 - 20.0 143 17.29 5.73 1.0 5.73
20.0 ~ 30.0 111 24.09 5.69 1.0 5.69
30.0 -  50.0 60 37.48 9.81 0.65 6.28
50.0 “ 250.0 27 95.96 37.73 0.09 3.69
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TABLE 36
Final p ositional and isotrop ic thermal parameters 
for the hydrogen atoms
Atom X y ■
Molecule 1
H(l) 0.260 -0.111 0.226
H(2) 0.173 -0.039 0.289
H(3) 0.123 0.326 0.257
H(4) 0.163 0.611 0.159
H(6) 0.326 0.787 -0.049
H(7) 0.429 0.708 - -0.143
H(8) 0.507 0.451 -0.169
H(9) 0.514 0.052 -0.099
H(10) 0.434 -0.044 0.001
H (ll) 0.340 -0.043 0.112
^/blecule 2
H(l) 0.109 0.582 -0.062
H(2) 0.204 0.469 -0.128
H(3) 0.247 0.115 -0.099
H(4) 0.203 -0.164 0.001
HC6) 0.045 -0.291 0.196
H(7) -0.068 -0.200 0.287
HC8) -0.146 0.104 0.326
H(9) -0.144 0.464 0.246
HCIQ) -0.067 0.521 0.130
HCll) 0.023 0.497 0.026
u(X^)
0,069
0.094
0.074
0.063
0.057
0.057
0.051
0.062
0.079
0.053
0.043
0.077
0.044
0.069
0.071
0.067
0.070
0.091
0.064
0.069
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Constrained least-squares refinement
During tlie f in a l refinement of UBIP, Dr. J, S. R ollett (Computing 
Laboratoiy, University of Oxford) kindly offered tlie use of a constrained 
least-squares procedure as a possib le means of tackling the problems of 
pseudo-symmetry. This procedure constrained equivalent bond lengths and 
angles in  tlie two molecules to be equal in pairs, with estimated 
standard deviations of 0.01 X and 0 .8° respectively. The in i t ia l  values 
of tlie molecular dimensions were taken as tlie average of tlie two 
molecules, Tlie fin a l R-factor was 14.2% and although the constraints 
were a l l  obeyed, some of tlie anisotropic temperature factors were 
physically  unreasonable and certain o f tlie resulting molecular dimensions 
differed  greatly from the expected values,
3,13 Discussion of the structure
The structure of UBIP is  shown in Figure 75. Bond lengths and angles 
for tlie individual molecules are given in Table 37 while Figures 76 and 77 
show the lie an molecular dimensions o f  the two molecules, tlie ’average’ 
molecule,
The estimated standard deviation o f each bond lengtli is  about 0.03 X. 
Using the previous criterion  that tlie true value of a bond length may l i e  
between ± 3a of i t s  calculated value at a 99% confidence lev e l means that 
equivalent bond lengtlis of the two molecules could be equal. Discussion  
o f the bond lengths and angles i s ,  therefore, restr icted  to the average 
values.
The carbon-carbon bond lengths for the six-meiijbered £iroma.tic rings 
average 1.41(3) A for ring X and 1.42(3) X for ring D; a l l  individual 
values being witliin tlie accepted aromatic value.
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Tlie structure o f UBIP
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TABLE 37
Bond lengtlis (X) and bond angles (deg) for tiie two molecules of UBIP _ E .s .d ’s are in tlic range 0.02 - 0.03 A for tlie bond lengths and 1.5 - 2.CP for the bond angles'^
C(l) - C(2) 1.33 1.42
c m - C(lla) 1.43 1.35
C(2) ~ C(3) 1.56 1.35
C(3) —C(4) 1.47 1.44
C(4) —C(4a) 1.36 1.41
C(4a) —C(lla) 1.42 1.38
CC4a) “ 0(5) 1.38 1.45
0(5) —C(5a) 1.37 1.37
C(5a) —C(lOb) 1.50 1.49
C(5a) - 0(6) 1.47 1.32
0(6) “ C(6a) 1.29 1.59
C(6a) - G (10a) 1.48 1.35
C(6a) —0(7) 1.47 1.32
C(7) _ 0(8) 1.35 ■ 1.47
C(8) “ 0(9) 1.49 1.39
C(9) - 0(10) 1.33 1.52
C(10) - O(lOa) 1.50 1.35
C(lOa) - O(lOb) 1.47 1.47
C(lOb) " 0(11) 1.33 1.36
C (ll) - G ( lia ) 1.50 1.45
C(l) —H(l) 1.00 1.01
C(2) - H (2) 0.96 0.99
C(3) —H(3) 1.00 0.97
C(4) - H(4) 0.95 1.06
0(6) - H(6) 0.97 0.99
0(7) —H(7) 0.97 1.03
0(8) " H(8) 1.07 1.13
0(9) " H(9) 1.12 1.04
0(10) - 1-1(10) 1.12 1.08
0(11) - H (ll) 1.08 1.07
^  Ê.S.X s, « i^ «.v..\sVvc
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TABLE 57 [Cont.)
C (lla) C(l) _ C[2)
Molecule 1 
127.2
Molecule 2 
118.5
C(l) - C(2) —C[3) 112.8 122.7
C(2) - C(3) - C(4) 128.2 121.7
C(3) - C(4) - C[4a) 111.3 111.7
C(4) - C(4a) ~ C (lla) 125.1 127.8
C(4a) - C(lla) - C(l) 119.0 117.6
C(4a) - 0(5) - C(5a) 120.1 118.9
0(5) - C(5a) - C(lOb) 117.4 122.4
C(Sa) - C(lOb) - C (ll) 125.7 117.9
C(ia-)) - C (ll) C [lla) 114.5 119.2
C (ll) - C(lla) ~ C(4a) 119.7 123.2
C(Sa) - C(6) C(6a) 105.7 103.7 '
C(6) C(6a) C[10a) 115.0 105.7
C(6a) —C(lOa) - C(lOb) 1C6.3 113.9
C(lOa) - C(lOb) C(5a) 102.0 100.6
C(lOb) —C(Sa) - C(6) 110.8 116.0
G (6a) - C(7) C(8) 119.0 118.7
C(7) —C(8) “ C(9) 124.9 120.0
C(8) “ C(9) - C(10) 117.8 117.5
C(9) —C(10) - C(lOa) 121.6 116.5
C(10) “ C(lOa) - C[6a) 119.1 124.0
C(lOa) C(6a) - C(7) 117.5 123.2
C (lla) —C(4a) —0(5) 122.5 118.0
C(4) - G (4a) - 0(5) 112.1 113.7
0(5) - C(5a) —C(6) 131.8 121.6
C(5) “ C(6a) - C(7) 127.1 131.1
C(10) - C(lOa) “ C(lÛb) 134.4 122.1
C(lOa) ~ C(lOb) - C (ll) 132.4 141.3
C (ll) - C(lla) —C(l) 121.3 119,2
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Variations in bond length occur in the central portion of the 
moleculej rings B and C altJiough C(5a) - C(6) does not show the short 
value as in  BBIP.
BBIP UBIP
C(lOb) - C (ll) 1.332 X 1.35 X
C(5a) -' C(6) 1.339 1.40
C(5a) '- C(lOb) 1.490 1.50
Nevertlieless > i t  is  in teresting  to note tliat th is variation does again 
occur.
Mean plane calculations on tlie two molecules are shorn in  
Table 38(a) and Table 38(b) for the same groups of atoms as in BBIP.
For molecule 1, the deviations o f C(2), C(3), C(4), C(8), C(9) and 
C(10) from the best molecular plane through a l l  atoms are a l l  in  tlie 
same direction (Table 3 8 a (i)). A sim ilar situation  occurs in  molecule 2 
althougli the atoms showing the deviations are now C(2), C(3), C(4),
C(7), C(8) and C(9). Rings A and D are again planar.
The resultant bend in tlie molecule does now appear to be a 
feature o f the indeiio-pyran system, a conclusion which could not be 
reached during the study o f  the bromo-substituted derivative.
Perhaps the most in terestin g  feature of the structure is  afforded 
by tlie packing. A view along the b-axis is  shown in Figure 78. Tlie 
pseudo-centre of symmetry occupies the approximate position  0,184,
0.243, 0.076, and Figure 79 shows two molecules related by th is . I t  
can be seen that the molecules are a Most p a ra lle l, the angle between 
tlie mean planes for both molecules being only 1°. Hiere is  l i t t l e  
doubt that th is closeness to true centros)mimetry was tlie cause of the
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TABLH 38(a)
Mean planes for molecule 1
(a) (i) 0.5666 X' + 0.4103 Y' + 0. 7146 Z' = 5.5432 -  a l l  atom
(ii) 0.4859 X' + 0.4388 Y' + 0. 7559 V  = 5.3140 “ ring A
( i i i ) 0.6070 X' + 0.3792 Y' + 0.6942 Z' = 5.8733 - ring D
(iv) 0.5793 X' + 0.4294 Y' + 0.6929 Z’ = 5.7032 - central
(b) Deviation o f atoms from planes, included jjn tlie calculation. Figui
es in bold type refer
PlanesAtoms (i) ( i i ) ( i i i ) (iv)
C(l) 0.073 0.016 -0.102 -0.089
C(2) -0.067 -0.000 -0.304 -0.255
C(3) -0.144 -0.004 -0.443 -0,306
C(4) -0.096 -0.009 -0.390 -0.211
C(4a) 0.067 0.025 -0.158 -0.029
0(5) 0.075 0.082 -0.143 0.023
C(5a) 0.016 0.035 -0.136 -0.012
C(6) -0.034 -0.029 -0.163 -0.015
C(6a) 0.058 -0.047 -0.004 0.082
C(7) 0.114 -0.110 -0.002 0.076
0(8) -0.060 -0.128 -0.001 0.005
0(9) -0.083 -0.088 0.010 -0.057
0(10) -0.067 -0.032 ' -0.015 -0.077
C(lOa) 0.040 -0.006 0.012 0.026
O(lOb) 0.040 0.051 —0.048 -0.010
0(11) 0.081 0.105 -0.009 -0.011
O(lla) 0.089 -0.028 -0.075 -0.028
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TMLE 58(b)
Mean planes for molecule 2
(a) (i) 0.5575 X' + 0.4251 Y' + 0. 7131 Z' = 2.0746 - a l l  atom
( ii ) 0.5229 X' + 0.4174 Y* + 0. 7432 Z' = 1.9357 - ring A
( i i i ) 0.5717 X’ + 0.4391 Y' + 0. 6930 Z' = 2.0112 - ring D
(iv) 0.5635 X’ + 0.4298 Y' + 0. 7055 Z’ = 2.0423 - central
(b) ]De Aviation of atoms from planes, included in die calculation. Figures
in bold type refer
PlanesAtoms (i) ( i i ) ( i i i ) (iv)
C(l) -0.003 -0.003 0.159 0.071
C(2) 0.051 -0.013 0.232 0.129
C(3) 0.079 . 0.011 0.247 0.153
C(4) 0.020 0.007 0.148 0.079
C(4a) -0.064 -0.023 0.042 -0.014
0(5) -0.019 0.077 0.046 • 0.016
C(5a) -0.010 0.144 0.031 0.014
C(6) -0.047 0.160 ■0.043 -0.037
C(6a) 0.020 0.279 0,009 0.024
C(7) 0.031 0.352 0.015 0.021
C(8) 0.048 0.404 -0.005 0.034
C(9) 0.048 0.374 0.027 0.045
C(10) -0.052 0.204 "0.034 -0.039
C(lOa) -0.001 0.226 0.018 0.013
C(lOb) -0.001 0.160 0.056 0.029
C (ll) -0.079 0.028 0.014 -0.036
C (lla) -0.027 0.020 0.091 0.026
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centrosymmetric d istribution of |e |-  s ta t is t ic s  previously noted and 
also o f the N(Z) s ta t is t ic s ,
Ihere is  considerable overlap o f tlie terminal aromatic rings of 
tlie tvTO molecules. The alternation of molecules 1 and 2 is  v is ib le  
in  Figure 78 and th is alternation leads to diains of molecules linked 
along [100] tlirough tlie aromatic rings.
A se lection  of tiie shortest contact d istances, which average
3.50 X is  given in Table 39.
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Figure 78
The packing of m olecules in  UBIP as seen down the 
b“-cixis. The value o f  the y-^-coordinate (XlOO) is  
shown a g a in s t e a d i atom.
\X/oa. r C c ^  S
ik o w o < A . \ f o  \ q C la a o^  o  C*-v\,<k
SklK Ul^  Vto V^®-«a»CLC\TG>- c —  ^ Pc-a.\N\ U
VW i. Lk.,r^ ccujLA. \/p&. Q ls c *- C c k ^ < x ^ ^ t .
uaoJ^ce-V-*^  ^ VW,
C f - x - o . ^ ^  '«  O o A  2 ^  ^
vû
0
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Figure 79
A view of the two. molecules of UBIP
c>^ \vere^  a-ce. o.\^ «.cV.
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TABLE 39
Shortest contact distances 
Subscripts on tlie atom numbering indicate molecules 1 or 2
Atom 1 l ie s  in the asymmetric unit (Table 35) and. atom 2 is  
generated according to the symmetry code.
Atom 1 Atom 2 D, X Atom 1 Atom 2 D, X
C(4)i 0 (5 ) 2 ( 1 3 3.48 0(3 ), 0 (5 3 ) 2 (1 1 ) 3.44
0 (5 ), 0 (4 ) 2 ( 1 3 3.43 0(4), 0 (1 1 0 ) 2 (1 1 ) 3.43
C(2), 0 (5 ) 2 ( 1 1 3 3.46 0(9 ), 0 (7 ) 2 (1 1 1 ) 3.45
C(3), 0 (5 ) 2 ( 1 1 3 3.48 0(11), C (8 )2 (^ 3.49
Symmetry code:
( i )  X, 1 + y , z
( i i )  X, y ,  z
( i i i )
( iv )
X, y,
X, -y , z
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4. MOLECULAR Ol^ ITAT. CALCUÏATIONS ON 
™  IN])CNO-PYRAN SYSTBi
I t  has been seen in  Chapter 1 that a wave equation may be se t up 
for a particular atom and when solved, gives information on the 
distribution o f electron density about the nucleus o f that atom, Mien 
extended to include organic molecules, information such as the 
distribution of charge on tlie atoms and the bond orders can be evaluated. 
Miile the crystallographer may not. pursue these calculations to the same 
degree as the theoretical chemist, he may certainly be able to gain some 
quantitative insight into the nature of tiie structure from such stu d ies.
4.1 Hamiltonian energy operater
The Schrodinger wave equation for the hydrogen atom (14, p. 6) can be 
written in tlie concise form
I# = (136)
where H is  tlie Hamiltonian energy operator. I t  can be seen by comparison 
with (14) that H contains both potential and k in etic  energy terms and Hif; 
is  to be taken as tlie resu lt of tlie operation of H on the function ip.
4.2 The Hückel metliod
Hie basic assumption of any molecular orbital calculation is  that 
a wave equation (eigenfunction) can be used to represent an electron in  
a molecule just as in an atom. The d iie f  difference is  that the molecular 
orbital electron is  simultaneously in  the e lec tro sta tic  f ie ld  o f several 
n u clei, which severely complicates the Hamiltonian and requires several 
approximations to be made.
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I t  is  f ir s t  assumed tliat the eigeiifunction for the molecule, 
can be approximated as a linear coiiibination of atomic orb ita ls (LCAO) 
having the ind:Lvidual eigenfunctions Thus, in a simple case,
" CiXi C2X2 where and Cp_ are parameters to be evaluated and 
which represent the proportions of the Xj^ “‘values in  Hie energy E 
is  found in te mis of Cj and. and. the energies of tlie atomic orb ita ls.
or
Multiplying (136) tliroughout by and. integrating gives
= E (137)
(138)
Substituting Cpxi + C2X2 f^or gives
Ci=Hii + ZCiCiHia + C2=H22 (139)
where
and
XpHXjdr
Xi XjdT
Since we are in terested  in  the minimum value of the energy E, 
i t  is  ea sily  slioivn by p artia l d ifferen tia tion  of (139) witli respect to  
Cj and settin g  eadi d ifferen tia l equal to zero gives
CiH.i + C2 H1 2  = E (C iS „  + C2 S1 2 ) (140)
or
^iG'^ii "■ ËS1 1 ) + ^2 ( ^ 1 2  *" bSj2) 0
9.EIn tlie same way = 0 y ie ld s
Ci(Hi2 ” bSip) ^2(H22  ■" ES2 2 ) “ 0
(141)
(142)
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Permitted values o f E for the system of simultaneous secular 
equations, (141) and (142), correspond to tlie roots o f tlie secular 
de te minant
Hii -  ESii Hï 2 ESi 2
Hi 2 ES 12 H22 ES22
(143)
In a general case o f tlie linear combination of n wave functions 
in a molecular wave equation, th is stage is  represented by an n x n 
secular determinant. Sudi determinants have n real roots. I t  is  now 
necessary to evaluate the integrals and
Hie overlap in tegral. S ..WB r™ w* w* rM *«• I—» «-■» wm #«» w# *»• ttm Bw J I
Hie integral S^ ^^  is  a measure o f how much the orbitals i  and j
overlap. I f  i  = j ,  then
which is  unit)'" for nom alised  atomic orbitals,
Hie Hückel theory assumes tliat i f  i  j , S. . may be taken equal 
to zero; sudi wave functions are sa id  to.be orthogonal. Mulliken (1952) 
has shoMi how the magnitude of S . . for d ifferent carbon atomic orb itals  
varies with intem uclear distance and tliis  is  illu stra ted  in Figure 80. 
Miile overlap between orb ita ls is  s ig n ifica n t, the consequences o f  
neglecting at tliis  lev e l o f approximation are not very serious.
The secular determinant (143) now reduces to 
Hii -  E H12 
H i  2  H 2 2  "■ E
0 C144)
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Figure 80
Tiie variation o f the magnitude o f the overlap 
integral for d ifferent carbon atom orbitals,
The coulomb in tegra l, a
Tlie H integrals are of the form
(145)
I f  i  = j;  tlien IL  ^ is  the coulomb energy of an electron with wave 
function in  the f ie ld  of atom i .  I f  we assume tliat th is  electron  
is  but l i t t l e  affected by any nuclei fartlier away, tlien we may write 
Ib  ^ “ '^^ G^re a is  a function of nuclear diarge and type of orb ital
of the i^ ^^  atom alone.
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Tlie _ re s on ance _ i n t e gral
I f  in  (145), i  f  j Î then Represents the energy of an electron  
in the fie ld s  of atoms i  cind j , and involves the wave functions y. and 
X-y lb - is  ca lled  the resonance in tegra l, g . . ,  and is  a function of
J *fcllatomic numbers, types of orb ital and degree o f overlap o f the i  ' and
"til. 1j atoms. A further Hückel approximation is  tliat can be neglected
between non-adjacent atoms.
Substituting for a and 3 in (144) gives 
an - E 3 
3 ag -  E
“ 0 (146)
Hie above arguments are next extended to detennine the wave 
functions and associated properties for butadiene.
Butadiene
Hückel calculations of tlie tt- electron energy of butadiene can be 
made by considering a row o f four 2p orb ita ls . Tlie LCAO wave function 
for tlie molecule can be w ritten as
+ CjXz + C3X3 C„x^  
and tlie corresponding secular determinant, following (144), is
Hii - E H i  2 H i  3 Hi If
H i  2 H 2 2 - E H 2 3 H 2 4
H i  3 H 2  3 H33 -  E H34
H i  4 H 2 4 H 3 4 H 4 4 - E
= 0 (147)
Following (146), and diidding throughout by 3 gives
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( a - E ) /3
1
0
0
1
Ca-E)/g
1
0
0
1
Ca~E)/e
1
0
0
1
C%-E)/B
= 0 (148)
Evaluating this determinant gives tlie equation 
x*^  -  3x  ^ + 1 = 0
where
X = (a-E)/3
The roots of th is  equation are x = ±1.618 and ±0.618 and the energy 
lev e ls  for the four molecular orb itals are a -  1.6183, a -  0.6183, 
a + 0,6183 and a  + 1.6183. The energy levels  and the molecular orb itals  
occupied by the four m-electrons are shown below.oo a - 1.6183a - 0,6183
a + 0.6183
a + 1.6183
antibonding
bonding
The to ta l energy E  ^ = 4a + 4.4723. Hie two lowest ir-electron 
orb ita ls have energy a + 3 while the t\\ro h ip e s t  orb ita ls have energy 
a -  3- These are the orb ita l energies to be expected for two iso la ted  
ethylene molecules. The deloca liza tion  energy of delocalised  butadiene 
equals (4a + 4.4723) -  (4a + 43) = 0.4723. The value o f 3 is  
approximately 7Kcal/mole for butadiene but nearer 20 Kcal/mole in  
aromatic systems. The reason for "his is  that in a linear molecule 
there is  only one Kelculé structure and. resonance arises from interaction  
between th is and other structures of greater energy. With aromatic 
compounds, there are several Kekule structures whidi, because of their
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equal energy, interact strongly.
The values of tlie co effic ien ts  are a l l  obtained from the secular 
determinant (148), For example, the f ir s t  row equation gives
i  = -®/(a-E) C149)
Since tlie Xj i^re individually normalised and mutually orthogonal
4 f 4 44i|>^ dT = f(  % C.X')% = ^ J i= l  ^ ^ Z C,Xi' + C,C,XiXaiji f  j
i= l i j  1 ]
4Z C.%i= l
Hence, tlie normalising constant for 4' is
1/ + Cg2 + C^ 2 (150)
From (149) and (150), the f in a l wave functions are
= 0.3717 Xi + 0.6015 xf + 0.6015 Xs + 0.3717 x%
^2 = 0.6015 Xi + 0.3717 Xf " 0.3717 Xs - 0.6015 Xt
^3 = 0.6015 Xi - 0.3717 xf - 0.3717 Xs + 0.6015 x^
= 0.3717 Xi -  0.6015 x% + 0.6015 Xs -  0.3717 Xt
4.3 Calculation of bond orders and diarge distributions
The relative •FT~bonding between pairs of adjacent orb itals ca i be
put on a quartitative basis by calculation o f tlie 'mobile bond order',
P. . ,  between adjacent atoms. Coulson (1939) defines tliis  by i j
^occP .. = Z NC-C. (151)R J
where N is  tlie number of electrons in a given occupied orb ita l and C 
Cj are the coeffic ien ts for atoms i  and j for tlie occupied normalise 
orb ita ls aiid the sum is  taken over a l l  of the occupied orb ita ls.
" 263 -
Considering the butadiene molecule, the bond order for tlie 
1 , 2 -bond is  given by 
P l2 =
= 2 X 0.3717 X 0.6015 4- 2 x 0.6015 x  0.3717 = 0.894 
and for the 2,3-bond
P23  = 2 X 0.6015 X 0.6015 - 2 x 0.3717 x 0.3717 = 0.447
The to ta l C-C bond orders for butadiene can be w ritten as
1.894 1.447 1.894
CH^  -  CH -  CH -  CHg
taking the a-bonds to add 1 . 0  to the bond order.
Deviations from tlie expected electron density at a given 'fr-bonded 
atom can be calculated by sunmring the electron probabilities  
corresponding to the contributions of tlie particular atomic orbital to 
the various occupied orb ita ls . Corrections may have to be made for 
formal charges resulting from the a-bonds in order to obtain tlie 
overall diarge. Normal tetravalent carbon is  neutral. I f  a carbon 
atom forms tliree a-bonds and is  also ir-bonded, i t  w il l  be neutral i f  there 
is  an average o f one electron in the 2pïï-bonded orb ita l. Thus, i f  is  
taken as the deviation from n eutrality  of sudi a carbon atom,
^occq  ^ -  1.00 - E NCj,^  (152)
For butadiene
q, = q, = 1.00 -  CNC, )^ _^ -  ^
= 1.00 - 2(0.3717)2 - 2(0.6015)2 = 0.00  
q% = qg = 1.00 -  2(0.6015)2 -  2(0.3717)2  ^ q_qq
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4.4 Hückel ca lcu la tions on BBIP
Hückel calculations o f the bond orders for the molecule o f BBIP, 
excluding the bromine atom, were carried out using various values of  
the coulomb parameter for the oxygen atom. The calculated bond orders 
plotted  against experimental bond lengths are shown in Figures 81(a) - 
81(c) for oxygen coulomb parameters o f 0 .5 , 1.75 and 2.5. The most 
notable feature is  the almost linear relationsliip between bond lengtli 
and bond order for a l l  the C-C bonds. Even the tvo very short bonds 
(C(5a) -  C(6); C(lOb) -  C (ll))  and the long bond (C(5a) - C(lOb)) f i t  
extremely w ell. Unfortunately, one of tlie fa ilu res of the Hückel 
theory is  obvious from the graphs. A reduction of the coulomb 
parameter for ox>^ gen from 2.5 to 0.5 brings the t\TO C-0 bond orders 
into tlie lin e  of tlie C-C bond orders and, in  tliis  sense, one is  
f it t in g  the theory to the data.
Nevertheless, i t  i s  informative to calculate the bond lengths 
from the bond orders. Cruickshank and Sparks (I960) have given a 
relationship applicable to C-C bonds
, L = 1.567 - 0.267 P _ (153)
where L is  the bond length and P tlie bond order. An a lte in ative  
approach is  to draw up a curve of bond lengtli against bond order for  
'standard' compounds such as etliane, benzene and acetylene, Figure 82, 
and interpolate tlie bond lengths from this curve. A ll tlie resu lts  
are shown in Table 40, The measured and calculated bond lengths show 
fa ir ly  good agreement for the terminal aromatic rings. Tlie main 
disparity is  tliat tlie Hückel tlieory does not predict short or long 
enough distances in tlie central non-aromatic portion of the molecule.
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Bond order v. bond length for ‘standard' compounds 
Hückel calculations
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4.5 Sliortcomings oJ: the Hückel theory
The coulomb and resonance in tegra ls, a  and 3, must be determined 
em pirically by f it t in g  tlie calculations to the observed data. Estimates 
of 3 for aromatic carbon atoms have been given ranging from -2 .4  eV to 
4.0 eV.
Furthermore, in heterocyclic molecules, tlie choice of a and 3 is  
more d iff ic u lt  and tlie range of available compounds studied is  smaller. 
Moreover, in a fragment — X-Y—, a may depend on the nature of Y.
4.6 S elf-con sisten t f ie ld  (SCF) molecular orb ita l theory
Suppose there are n electrons in  an atom. For each electron, we 
malce an in tu itive  guess o f ip. By choosing one electron , tlie average 
f ie ld  provided by the remainder can be found and hence, the wave 
equation may be deduced and solved for tliis cliosen electron. This 
leads to a ’ first-improved' which is  used to calculate the average 
f ie ld  for the second electron, and so on. Mien successive iteration s  
make no appreciable d ifference, tlie atomic orbitals are sa id  to be 
self-cons is  ten t.
The SCF wave equation is  defined by
Fi|; = Ei|; (154)
Adopting the LCAO expansion (p .257) leads to secular equations o f tlie 
form.
= 0 C1.SS)
and a secular determinant of tlie form
= 0 • (156)
where F , <!>y F d T  (157)
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The elements o f F have been given by Roothaan (1951) for  
closed-sh ell electron configurations as
''yv = + % % P p g [W /p a )  -  K vp/ vy) ]  (158)
is  the core Hamiltonian for an electron and consists o f a. k in etic  
energy operator for tlie electron and the potential energy between the. 
electron and a l l  the atomic cores o f the molecule.
Thus,
I f  a l l  the electrons are included is  the nuclear-electron potential 
energy, -Z^e^/r^ (Z  ^ being the nuclear charge). The complete electron ic  
Hamiltonian is  made up o f the core terms and the potentia l energy o f  
repulsion of tlie electrons.
= Z H.c + I e V r „  (160)
'  i  1  i<j
Quantum-mechanical units take diarge, mass and h as unity. The 
unit of length i s  the Bohr radius (0.5292 X) and the unit of energy 
is  the Hartree (27.21 eV). Hence,
Z V.: + ZV. + 2 1 /r . (161)i  1 A A i<j 11
Other terms in (158) represent electron interaction;
(a) (yv/po) = (|)^  (1) (f>^ (1) ( l / t i z )  f|)p (2) (2) dr  ^ dr  ^ (162)
and may be interpreted as tlie repulsion between an electron distributed  
in  space between two atoms p and v  according to (1) and a second
electron distribution (2) between atoms p and a.
(b) V  = (163)
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and is  interpreted as a bond order; the summation extends over Ic 
occupied molecular orbitals In Hückel theory, P for atoms p
and a bonded, is  linearly related to the p-o bond length.
Once the elements F and the overlap integrals S , are Imown,pv  ^ pu
the SCF orbitals may be obtained with the same ease as in Hückel 
theory. However, there are two major d if f ic u lt ie s .
(i) From (158), F^ ^^  depends on tire bond orders, but these can 
only be calculated when solutions o f (155) and (156) are 
known. An ite ra tiv e  process is  necessary and i s  continued 
u n til the input and output coeffic ien ts  are s e l f  
consistent.
( i i )  Evaluation o f the integrals in (158) is  d if f ic u lt ,
particularly tire two-electron integrals in  (162) where the 
four orbitals are a l l  on d ifferent atomic orb ita ls . Except 
for one-electron atoms, the atomic orbitals are not sinple  
functions of distance between tire electron and nucleus. 
Accurate atomic orb ita ls may be expressed in tabular form 
or b u ilt  up from S later 's  Functions (1930).
I f  atomic orbitals are talcen from Slater, the three- and four- 
centre integrals are very d if f ic u lt  to evaluate, even on a large 
computer, and for large molecules approximate SCF sdremes have been 
derdsed.
4, 7 Semi-empirical calculations
SCF molecular orb ita l theory was applied f ir s t  to iT-electrori 
tlieory (Pople, 1953) in the form of zero-d ifferen tia l overlap (ZDO)
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models. This approximation reduces tlie number of two-electron integrals
that need to be evaluated. From (162), unless in  some region of space
(|)^  and (j)^  are both non-zero and in some otlier region of space, ^nd
(f)^  are both non-zero, then (yv/pa) = 0. Zero overlap o f and <})^  is  
su ff ic ie n t , generally, to make th is  in tegra l, and S , zero. In specia l 
cases, sudi as s- and p -orb itals of the same atom, S = 0, yet1 J Î /
(yv/pcf) f  0. Hoivever, tlie usual ZDO approximation is  that for = 0
or -  0 for orbitals in  d ifferent atoms, then (yv/po) = 0. I f
and 6 are different orb ita ls , tlien only one-electron repulsion arises
in (158), when p = p and a -  v, and (162) may be w ritten as
(pp/vv) = (164)
Pople's treatment may be summarised by tlie following equations for the 
elements o f the F-matrix:
V -  = Syv - : V u v  (165)
and
^pp ~ ^pp * 2 ^PpYpp p^^^PP " ^A^^pp
where 3 is  a ' resonance in tegral' defined as in Hückel tlieori’' and U pv / pp
is  tlie energy of tJie orbital (|)^  for tlie valence state o f an iso la ted  
atom, and may be calculated from spectroscopic data. The dioice of the 
parameters y? 3 and U is  discussed in  d eta il by Murrell and Hargett 
(1972).
4. 8 A ll valence methods
TT-electron liieories give qu ite  s a tis fa c to ry  re su lts  fo r  conjugated
hydrocarbons, but less  so for compounds containing d ifferen t atom types,
Also, ZDO is  more ju s t i f ie d  in  -iT-electroii theory tlian in  o '-electron
theoiy because S ~ 0.25 whereas S % 0.5 .TT o
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In approximations o f the SCF equations, rotational and 
hybridizational invariance must be sa tis f ie d . Hiis does not arise in  
V-electron theory because tlie molecular symmetr)'' d ictates tlie natural 
dioice of axes for Tr-orbitals.
The SCF approximation in  whidi a l l  integrals (pv/po) are neglected  
unless p -  V and p = o is  ca lled  CNDO. For invariance to orthogonal 
transformations of the bases, (p^/p^) must be tlie same for a ll  valence 
orb ita ls p on atom M and p on atom A; (p^/p^) is  represented by
The treatment of Pople and Beveridge (1970) leads to tlie following 
equations in  the CNDO/2 approximation:
^pv " ^pv "  ^ p^v'^ MN
p^p " %  ■  ^ ^pp%h'^ ^^ ^AA ” (168)
Tlie parameters U and y  determine tlie energy levels  of tlie separate 
atoms, and tlie molecular energies w il l  not be o f the correct order of 
magnitude unless the atomic energies are approximately correct. Tlie 
CNDO/2 par aim te r i zation has been described fu lly  by Pople and 
Beveridge (loc. c i t . ) .
Electron population and bond order
* The summation o f tlie electron populations o f a l l  atomic orb ita ls  
centred on a given atom A is  tlie gross electron population o f atom A,
given by
Pm = j Puu (169)
where P^ ^^  is  given, by mialog)?- with (162) as
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Pyu “ J cy h  ■ (1™)
are the diagonal elements o f  llie population matrix P. 
llie net atomic charge, AP^  ^ is  given by
*Pm  = 3a -  PaA (171)
and i s  a quantitative measure o f tlie charge transferred from neutral 
atoms in molecule formation.
I t  is  not feasib le to sum (170) d irectly  for tlie to ta l bond order
because only the P between s-o rb ita ls  and the trace of tlie P-raatrix pv .
are invariant to rotation of axes, l l i is  situation  is  illu stra ted  by 
tables 41(a) and 41(b) for carbon monoxide.
Tlie sum 
4E P S  i= l Pj. Pi
carries out an orthogonal t r ans formation. From Tables 41(a) and 
41(b), tlie values obtained for the C-0 bond order are 1.1832 and 
1.1833, respectively. Tliis procedure may be applied to certain standard 
conpomds, as in  tlie Hückel ca lcu lations, and a graph connecting bond 
length and bond order drawn (Figure 83). However, tlie values obtained 
are somewhat d ifferent from the cliemists’ usual idea of a bond order. 
Boyd (1972) has given an alternative An ortliogonal
transformation is  applied to the P-matrix so that the bond axis l ie s  
along a coordinate axis. The diagonal elements of tlie bond sub-matrix 
(tlie dashed area of Table 41(b)) are added, with the sign of the matrix 
element between the p -orb ita ls directed along the coordinate axis 
coincident with the bond axis, reversed. Tliis condition is  necessary 
because the orbital bond order is  p ositive  or negative depending on 
whetlier the net interaction is  bonding or antibonding.
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Bond order v. bond length for 'standard' compounds; 
CNDO/2 calculati  ons.
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From Figure 84, i t  can be. seen that rotations o f 45° and 54.74° 
about tlie x- and y-axes d irect the .C-6 bond along the x -a x is , giving  
r ise  to tlie P-matrix of Table 41(a).
In the dashed sub-matrix of Table 41(a), the sign o f tlie 
p^C - p^ O bond order is  reversed and the a-bond order, P^, is  0,96.  
Sim ilarly, P = 1 . 8 3  and the to ta l bond order P = 2 . 7 9 ,  which is'  TT CO '
mudi closer to the normal concept of bond order in th is  molecule than 
i s  1.18.
4.9 Application o f CNDO/2 to UEIP
The bond orders , were calculated for tlie two molecules o f UBIP by 
the CNDO/2 metliod. The resu lts are shorn in Table 42 with the bond 
lengths interpolated from the 'standard’ curve, Figure 83. The 
calculated and experimental C-C bond lengths, in  general,show good 
agreement. Unfortunately, the biggest discrepancies occur in the C-0 
bond lengths where the calculated values both exceed 1.7 X . I t  would 
appear, therefore, that a procedure involving interpolation from a 
'standard' curve, is  not va lid  for bond lengths other than C-C. This 
i s ,  in  fa c t , shown by the example calculations on carbon monoxide where 
the calculated bond order leads to a value o f 1.32 X for the C-0 bond 
length.
The net atomic charges calculated for the two molecules are 
shown in Figure 85.
A CNDO/2 calcu lation  was also carried out on BBIP after some 
m odification of the program by Dr. M. F. C. Ladd. The net atomic 
charges for BBIP are shown in Figure 86.
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Figure 84
Rotation of the C-0 bond to l i e  along the x-axis
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Figure 85 
Net atomic charges (lOOe) for UBIP
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Figure 86 
Net atomic charges (100e) for BBIP
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5. A COMPARISON OF THE STRUCTURES OF BBIP AND UBIP
As a conclusion to t h i s  work, i t  is  in teresting to b r ie fly  conpare 
tlie crystal structures o f tlie two compounds studied in  tenus o f th eir  
molecular arrangement. The f ir s t  part of tiiis discussion is  centred 
aromd the work o f Gaultier e t  a l (loc, c i t . )  on the packing o f cyclic  
molecules and a short review o f  tliis  work is  f ir s t  given.
5.1 Hie superposition o f cy c lic  molecules
The crystallography o f  certain séries of cy c lic  molecules is  
characterised by their mode o f packing within the crystal la t t ic e .  
Molecules possessing very sim ilar shapes may pack in  a d ifferen t manner 
depending on the substituents present and th eir  position .
Small condensed ring aromatic compounds such as naphthalene and 
anthracene show a ’herring bone’ or ’chevron’ packing, whereas molecules■ 
such as naphtliaquinone and antliraquinone show the phenomenon of 
molecular superposition where the molecules are stacked in  pairs about 
a symmetry axis and overlap over a considerable part o f th eir  surface. 
Tliis superposition is  nearly always the resu lt of a short translation  
as might occur witli a 2j a x is, or a centre of symmetry, between the 
planes o f the molecules. The distance between the planes is  usually le ss  
than 3.6 X and the normal to the molecular plane is  a l i t t l e  inclined to 
tlie stacking direction.
■. The difference in packing in , for example, anthracene and 
1,4-anthraquinone is  not a function of symmetry since crystals o f both 
molecules have the same symmetry. Furthermore, a compound sudi as 
a-naphtliol shows molecular superposition whereas g-naphthol shows 
’ chevron’ packing.
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Molecular overlap is  brought about by tlie existence in  the structure 
of two factors, m-electron density and a polar group or atom. These two 
• features are normally present in d ifferen t parts o f tlie same molecule. 
Thus, molecules conçosed o f two or three aromatic rings where one ring 
' carries polar substituents or a ltern atively  a molecule containing an 
aromatic ring adjacent to a heterocyclic ring should show molecular 
overlap.
Superposition is  observed more often i f  the polar group, is  
a-substituted  and may s t i l l  occur i f  there is  more than one a-substituent. 
I t  is  le ss  lik e ly  to occur i f  there are no a-substituents. Exceptions 
are normally due to s te r ic  hinderance caused by bulky groups.
Without exception, a l l  crysta ls exhibiting molecular overlap showed 
elongation in the stacking direction.
The nature o f tlie intermolecular forces i s  very varied. In extreme 
cases, charge transfer interactions have been observed and the in ter- 
molecular distance is  found to be very short, ca. 3.1 -  3.2 X . Electro­
s ta t ic  interactions occur esp ecia lly  where the molecules possess large 
dipole moments. Inductive e ffec ts  are also possible between, for  
example, a carbonyl substituent and an aromatic ring capable of 
donating electron density. Quinone or heterocyclic rings normally 
oveflap with aromatic rings o f an adjacent molecule whereas a carbonyl 
group i s  superimposed across the diameter o f an aromatic ring. This 
seems to indicate that the molecule possesses two d istin c t parts, the 
f ir s t  donating electrons and tlie second accepting them. Thus, a 
molecule such as benzoquinone does not exhib it overlap.
5.2 The packing of molecules in  UBIP and BBIP
Some of the ideas put forward in the previous section  are
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q ualitative and i t  i s  o f  in terest to t iy  and put them on a quantitative 
basis for the molecules studied using the resu lts from the molecular 
orbtia l calculations.
Tlie net atomic diarges d iffer  l i t t l e  between the two molecu3.es of  
UBIP and although previous work has indicated tlie ex istence, in the 
structure, of two molecules having d ifferent geometries, th is discussion  
must be based on tlie average properties o f the molecule.
Viewing the two molecules o f  UBIP down the plane normal 
indicates close overlap o f tlie pyran ring o f molecule 1 with the 
adjacent six-membered ring o f molecule 2, and i t  is  th is feature which 
appears to be one o f the major factors influencing tlie packing. From ' 
Figure 85, i t  can be seen tliat the largest amount of excess charge 
resides around the group o f atoms C C4a) -0 (5) -C (5a) -C (6). The dipole 
moment o f 3.5 D (calculated by CNDO/2) is  re la tiv e ly  large and l i e s ,  
in  projection, in  the d irection  shorn in Figure 87(b). I f  i t  is  assumed 
that the centre of negative cliarge resides mid-way between 0(5) and C(6),  
the centre of p ositive  charge l ie s  close to C(2) within the s ix -  
membered aromatic ring. By virtue of the pseudo-centre o f symmetry 
between tlie two molecules, a dipole-dipole interaction is  se t  up.
Anotlier feature of tlie structure concerns the bend in  the molecule. 
A calculation by the CNDO/2 program on a hypothetical f la t  molecule of 
UBIP indicated tliat the binding energy is  le ss  than for tlie experimental 
structure. This indicates tliat although a le ss  stable molecular 
configuration, re la tive  to the free molecule, is  adopted upon 
cry sta llisa tio n , the Wiole system is  energetically  more favourable.
The structure o f BBIP d iffers  from tlie parent compound. Tlie excess 
charges are very sim ilar but the dipole moment is  much smaller, 0 .7  D,
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and l ie s  almost along tlie length o f tlie molecule, Figure 87(a).  Miile 
tlie orientation o f tlie molecules, related by the 2j ax is, allows tlie 
dipoles to be a n ti-p a ra lle l, the small dipole moment would indicate  
that anotlier mechanism of molecular interaction must be operating. 
Figure 88 shows the [lOO] projection o f the structure, and there is  
probably some s ign ifican t e lec tr o sta tic  interaction between the central 
pyran and five-membered rings of tlie two molecules. Tlie lack o f any 
s ig n ifica n t overlap betvreen the two molecules is  probably due to  
s te r ic  hinderance between the bromine atom and the opposing terminal 
six-membered ring.
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Br
Figure 87
The magnitude and direct ion of  the dipole moments in (a) BBIP, and (b) UBIP
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P
Figure 88
Two molecules o f  BBIP projected into 1100
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APPENDIX 1 
TUB REFINEMENT OF UNIT CELL PARAMETERS
From Bragg’s equation we have
2 sine _ 1 
X d
Furtliermore, i t  can be shorn that
= Qi a^*  ^ + Ic^ b*^  + l^c*^ + 2hka*b* cosy*
+ 2hla*c* cosg* + 2klb*c* cosa*)^
Squaring and equating (1) and (2) gives
—■ = (h^a*  ^ + k^b*  ^ + l^c*^ + 2hka*b* cosy*
+ 2hla*b* cos3* + 2klb*c* cosa*)
For any reflexion  i  we have the following quantities: 
h i kj^  1  ^ -  the M iller indices
0  ^ -  the angular measurement
Wj^  - the observational weight
X^  -  the wavelength of the observation
Let
where
V- = H*A + K. B + L-C + M*D + N'E + 0-FA JL
- r?” (sin^O. +Asin^0.)A . 1  11
= h^  ^ A = a*^
= k^^  B = b*%
= 1^  ^ C = c*^
Mf = 2h^k  ^ D ='a*b* cosy*
N^  = 2h^l^ E = a*c* cos3*
Oi = 2k^l^ F = b*c* cosa*
CD
(2)
C33
(4)
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Hie refraction correction Asin^G^ is given by
Asin^e. = ÿ  X 1 0 -
where p is  tlie density, 2 is  the to ta l nimter of electrons in  the 
molecule and M is  the molecular weight. This was not applied.
For a given se t  o f measurements we have
ôCZWiVf^ ) = 0
which is  solved for the co e ffic ien ts  A, B, C, D, E, F, G. The 
associated variances are calculated as
0^. = SW--V.2 
1
where T is  the diagonal element o f the inverse matrix.
The quantity
 ^ 1V = (ABC - AF% - BE^  - CD^  + 2FED)^  
is  then derived and the following constants are calculated together 
with th eir  probable errors, P.E.
a  ^ = V(BC - F%)5
b  ^ = V(AC - E2)2
c^ = V(AB - D2)2
a = cos"^{(ED - AF)/[(AC - B^CAB - D^JD
3 = cos"i{(DF -  BE)/[(AB - D^ ) (BC - F^]^}
y « cos“D(FE - CD)/[(BC -  F^ ) (AC - E D ] D
a 3 a b ^  a c ^
P.E. = 0.6745 [ ( -§ - )  ^ + (-^2^ )
+ (a ^ ^ b ^ co sY ra ^ p  + (a^'-c^cos0)=^a^g + (aQb^^CjjCosa)^a^p]
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a^b b ^  b e 2
P.E. b  ^ = 0.6745 I (—— + (— ^
+ (a^ b^^ cosy)^a^ j3  + (bQ^CQCosa)^a^pl ^
a %c0 O^ 2^2 b %c0 0-s 2 2A Bo
+ W ^c^cosy)^o^g + (a^CQ^cos3)^a^g + (b^^c^cosa)^a'p.0 0 0 
P.E,-a = 0.6745
P.E. 3 = 0.6745
P.E. y = 0.6745
2 ^ 2  I 2
sin 3 .sin y
/BC sina  ^
sin a .sin y  _
sin3
sina.sin3 o.
siny ^
Choice o f reflexions in  unit c e l l  refinement
To see what e ffe c t  the choice o f reflexions has on unit c e l l  • 
refinement an orthorhombic crysta l was chosen because o f i t s  fa ir ly  
high absorption (pCuKa = 35 cm anisotropic shape and i t s  a b ility  
to d iffra ct strongly a t high 8 angles.
Eleven h i^ -a n g le  and 15 low-angle reflexions were chosen from 
previously taken photographs. The h i^ -a n g le  reflexions lay in  the 
range 40°<8<52° and the low-angle reflexions in  the range 10°<8<20°. 
Each of these reflexions was scanned in  0 in  the manner already 
described. Miere no discernible resolution could be seen, the wave­
length corresponding to tîie mean was used. The weighting scheme for 
the lea st  squares was w = tan0, th is having shown to give the best 
standard deviations in previous te s ts .  The resu lts are indicated  
below.
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(1) Low angle, 15 reflex ion s, a l l  mean a wavelength:
a « 40.904(26} S b = 21.204(14) X c = 8.600(5) X
(2) High angle, 11 reflex ion s, a l l  aj wavelengtli:
a = 41,072(30) X b = 21.290(10) X c = 8.638(4) A
(3) High angle, 21 reflexions (11 original aj and otg for ten of 
th ese):
a = 41.074(14) A b =. 21.301(7) X c = 8.636(3) X
(4) As (3) above but each reflexion  p lotted  out and 8-angles 
estimated to three decimal places:
a = 41.072(12) A b = 21.300(6) X c = 8.638(2) A
As can be seen, the unit c e l l  parameters do not d iffer  appreciably 
in  any of the tliree high-angle te s ts . The sig n ifica n t improvement is  
in  the standard deviations, the best resu lt giving standard deviations 
o f 1 in  4000 on each a x is . These resu lts are also reflected  in the 
peak symmetries. The se ttin g  angles calculated with tlie low-angle data 
gave pealcs which were highly asymmetric (deviation of 8 to 1 between the 
two half-scans were observed for high-angle re flex io n s). For tlie high- 
angle data, the maximum asymmetry was 1.2 to 1 over both high- and low- 
angle reflexions. The low-angle data gives standard deviations 
coi%arable with some o f the high-angle data.
I t  was concluded, therefore, tliat
(1) Low standard deviations are not a good indication o f correct
. • unit c e l l  parameters.
(2) High-angle reflexions which both minimise absorption and 
resolve the doublet should be used i f  at a l l  possib le .
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(3) The highest accuracy is  obtained i f  eadi p ro file  is  p lotted  
out and tlie 9-angle estimated to the tliird decimal place.
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APPENDIX-2
ABSORPTION CORRECTIONS FOR SINGLE CRYSTAL SPECIMENS
The absorption correction talces account o f the fact that the 
in ten sity  of both the primary and diffracted beams are attenuated upon 
passage through the crysta l.
This can be expressed as
I = (1)o ^
where the in i t ia l  in ten sity  I^ is  reduced to I when passing through a 
material of thickness t  whose linear absorption co effic ien t is  y.
For any reflexion , we can define the transmission factor, T, as 
the ratio of the in ten sity  which is  d iffracted to the in ten sity  which 
would be d iffracted  i f  there were not absorption.
dV (2)
which is  also known as tlie absorption in tegral. B asically , any 
absorption correction requires e ither the measurement or evaluation of 
th is  in tegral.
During the course of th is work, only one method of evaluating th is  
in tégral was used but i t  is  worthwhile to consider b r ie fly  the various 
aspects of determining an absorption correction for sin g le-crysta l 
specimens.
(a) Cylindrical and spherical specimens
I f  the specimen can be formed, by grinding, in to a cylindrical 
or spherical form, the evaluation of the transmission requires 
only tlie radius of the cylinder or sphere and the linear
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absorption co effic ien t for the specimen. Tables o f these 
corrections are readily available.
(b) Prismatic specimens
For crystals with prismatic cross-sect ions, the absorption has 
been treated by many authors (Albred it, 1939; Howells, 1950; 
Rogers and M offett, 1956). The correction involves divi.ding 
the crystal by a grid whose directions are p ara lle l to the 
primary and d iffracted  rays. To determine T, the patli lengths 
tj  and tg , to and from a particular intersection  are measured 
with a ruler on a scaled-up drawing. For each path, tlie 
quantities e are determined from tab les, th eir  sum recorded 
and tlie to ta l divided by the nmiiber o f samples into which tlie 
cross-section  o f the specimen was divided. As can be seen from 
the above, th is method is  tedious to apply and the results are 
not exact.
(c) Experimental corrections
These corrections are based upon experimentally determined 
transmission co effic ien ts .
Suppose tliat a crysta l has orthogonal axes, and is  mounted on 
a diffractometer for rotation about the a-axis. For any 
particular hoo reflex ion , x = 90° and the value of (j) is  
indeterminate. This means that rotating the cry^^stalabout the 
normal to the reflectin g  planes produces a reflectio n  for any 
value o f c(). The in ten sity  of such a reflexion can be studied  
therefore, as a function of é , and the variation in  in ten sity  
provides a measure of the relative absorption suffered by 
X-rays passing through- the crystal in directions perpendicular 
to the rotation axis;
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1
Unfortunately, the efficacy  o f the metliod depends to a great 
extent on the shape o f tlie c iy sta l and the 8-range of the 
measurements which determine the v a lid ity  of the assumption 
that the absorption correction is  only a function o f (j).
An extension of th is method (Nortli e t  a l, 1968) uses the mean 
o f the absorption corrections for beams passing through the 
crystal in tlie directions o f the incident and. d iffracted  beams.
Then, in terms o f  the transmission factor, we have
V l )  '
Intensity measurements o f e .g .  the 002 reflexion  are used in  
order to obtain a re la tive  correction for the hk2 le v e l.
Huber and Kopfman (1968, 1969) describe an experimental 
determination o f a transmission surface using the fact that 
even though y may not be 90°, a reflexion s t i l l  occurs on 
rotation o f the é c ir c le , although complete 360° rotation is  
not p ossib le . The amount o f rotation possible decreases witli 
decreasing y> but a su itab le choice of reflexions with varying 
values o f y and c(> allows one. to define th is transmission surface 
and the approximation
exp(-uT)dV =
exp f  racted^
is  used.
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(d) Analytical corrections
De Meulenaer and Toinpa (1965) derived a metliod for calculating  
an exact absolution correction for any crystal providing i t s  
dimensions are accurately laiown.
The transmission, T, is  defined by
T -  A ^ " V
where
A = exp (-]iL) dV
The to ta l path length L equals l i  + I 2 where l i  i s  the path
lengtli o f the incident beam from i t s  point o f entry into  
Vothe crystal up^tlie volume element dV and I 2 the corresponding 
path length o f tlie d iffracted  beam. The integration is  
carried out over the volume V of the crystal bounded by plane 
surfaces. The crystal is  f ir s t  divided into a nuirber o f  - 
elementary polyhedra tliroughout each o f which L is  a linear  
function o f the coordinates of dV. Each polyhedron i s  tlien 
subdivided into a number o f tetrahedra. The contribution, to A,, 
from one such tetrahedron is  evaluated and then summed over a l l  
tetrahedra.
Appendix 3
Observed and calculated structure factors (X 10) for BBIP, 
Unobserved reflexions are flagged with an asterisk .
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Appendix 4
Observed and calculated structure factors for UBIP. 
IMobserved reflexions are flagged by 'L’ ,
” 310 “
H K l. G C F DBS F CALC H K L G C F DBS F CALC0 0 2 1 165 94 172 94 6 0 1 35 00 37 , 510 0 . 4 1 11 8 41 11? 60 6 ' ü 2 1 27 65 3 1 , 0 ?0 0 6 37 4 4 3^ 98 6 0 3 1 20 20 2 5 , 9 7ü 0 8 18 50 18 96 6 0 4 1 ZZ 24 2 1 . 4 70 0 10 1 18 37 18 41 6 0 5 1 13 92 l u ,  540 0 12 1 15 04 1> 36 6 0 6 1 2% 69 ZÜ,370 0 14 1 l 3 45 14 24 6 0 ? 1 30 91 2 7 , 6 0.0 0 16 12 11 0 44 i- 9 ; 6 ü 3 1 9 01 1 2 , 4 72 0 0 10 71 13 24 0 9 1 9 26 1 1 , 9 32 0 1 1 10 77 13 57 ! 6 0 10 1 18 24 1 6 , 9 9a 0 2 1 40 71 41 51 : 6 0 11 1 11 29 9 , 7 0a 0 3 1 44 87 48 98 6 0 12 1 L 3 17 11 , 542 0 4 1 31 19 31 18 6 0 13 1 11 0 7 1 2 , 4 a2 0 5 1 L 4 59 a 79 6 0 14 17 84 1 4 , 8 22 0 6 1 25 88 27 37 6 0 15 15 31 1 8 , 6 8Z 0 ? 1 34 21 34 66 6 0 16 19 01 2 1 , 1 8z 0 8 1 17 99 18 67 6 ü 17 10 12 1 1 , 2 5z 0 9 1 17 77 14 06 8 0 0 1 11 57 1 5 , 5 72 0 10 1 27 79 27 14 a 0 1 1 68 82 4 8 , 6 42 0 11 1 20 65 22 20 8 0 2 1 15 04 1 4 , 0 92 0 12 11 85 12 46 8 0 3 1 6 64 7 , 9 42 0 13 21 8n 22 30 8 0 4' 1 L 1 71 1 3 , 4 82 0 14 1 16 71 1» 34 8 0 5 1 11) 71 1 2 , 7 3, Z 0 15 1 1 1 31 11 86 8 0 6 1 6 22 0 , 3 82 0 16 1 6 34 5 80 8 0 ? 1 23 95 2 4 , 6 6* 2 0 1? 1 14 03 10 36 8 û 8 1 32 91 2 8 , 9 3 ^ 4 0 0 1 7 51 a 07 6 0 9 1 Q 89 6 , 9 41 4 0 1 1 15 96 17 10 8 0 10 1 14 15 9 . 2 6; 4 0 2 1 109 49 112 00 ci 0 11 1 P 98 u , 64' 4 ' 0 3 241 42 244 . 33 8 0 12 1 L 2 65 2 , 3 5• 4 0 4 1 162 40. 1 5 8 70 8 0 13 1 L 5 09 6 , 7 4' 4 0 5 1 42 67 44 16 8 0 14 37 44 3 0 , 5 04 0 6 1 27 33 28 36 Q 0 15 1 14 79 1 5 , 2 5: 4 0 7 1 17 25 15 20 8 0 16 1 26 19 2 1 , 5 94 0 8 29 42 27 20 1 0 0 0 1 l 5 55 0, 61: 4 0 9 13 41 14 36 1 0 0 1 1 30 65 3 1 , 8 34" 0 10 1 11 4f> 9 58 1 0 0 n4» 1 46 73 4 5 , 0 44 0 11 1 30 42 33 26 1 0 0 3 1 53 45 5 3 , 4 94 0 12 1 L 4 01 4 36 1 0 0 4 1 30 54 3 1 , 1 64 0 13 1 14 01 13 52 1 0 0 5 6 62 5 , 6 54 0 14 1 6 9 A 5 56 10 ü 6 1 y 00 1 0 , 8 34 0 15 1 7 09 9 43 1 0 0 7 1 L 3 00 1 2 , 3 64 0 1 6 1 L 3 80 ë 03 1 0 ü a 1 7 31 7 . 1 24 0 17 1 9 54 5 5-4 1 0 0 9 1 .7 08 8 , 8 96 - 0 0 1 L 3 26 2 07 1 0 0 10 1 L 5 38 1 3 , 7 4
311 -
H K L G C F ORS F CALC H K L0 0 11 1 12 22 11 08 1 6 0 80 0 12 1 21 92 22 71 1 6 ■ 0 90 0 13 1 21 41 23 40 1 6 0 10V 0 14 1 L 5 77 9 46 1 6 ü 11ü 0 15 1 1 4 57 V 60 16 0 120 0 16 1 8 96 8 32 1 ù 0 132 0 0 1 L 3 ’]6 9 63 1 3 0 0a 0 1 1 20 56 22 05 . 1 a 0 12 0 2 1 26 25 29 99 ; 0 22 0 3 13 45 14 43 : 18 0 32 0 4 1 7 65 7 52 : i ô 0 42 0 5 1 L 4 36 10 31 ' 18 0 52 0 6 1 7 03 7 38 1 3 0 62 0 7 1 6 71 8 02 ; 1 8 0 72 0 8 1 14 39 14 01 1 3 0 82 0 9 1 17 93 19 99 18 0 92 0 10 1 10 91 12 63 18 0 102 0 11 1 45 14 43 43 18 0 112 ü 12 1 21 84 21 62 1 8 0 12
2 0 13 1 13 91 16 21 20 0 02 0 1 4 1 9 58 7 60 20 0 12 0 15 1 n 16 9 30 20 0 24 0 0 1 75 16 80 64 20 0 34 0 1 1 36 71 34 97 20 0 44 0 nL, 1 36 95 38 06 20 0 54 0 3 1 9 43 o 80 20 0 64 0 4 6 40 10 10 20 0 74 0 5 1 14 97 1 4 79 20 0 6
4 , 0 6 1 8 72 9 46 20 0 94 0 7 12 1B 11 72 20 0 104 0 3 1 10 6.1 9 58 22 0 04. 0 9 1 13 78 13 98 22 0 14 0 10 1 16 50 18 44 22 0 24 0 11 1 11 1 4 o 72 22 0 34 0 12 1 ■ 6 09 9 71 22 0 44 0 13 1 8 40 5 70 22 0 54 0 14 1 10 13 7 31 22 0 6C) 0 0 1 2ü 18 25 43 22 0 76 0 1 1 L 4 58 ô 63 24 0 06 0 2 1 9 72 8 48 24 0 16 0 3 1 17 92 17 03 24 0 2ô 0 4 1 12 68 1 4 54 24 0 36 0 5 1 L 3 38 15 91 Ü 1 06 0 6 1 11 40 12 10 0 1 26 0 ? 1 25 56 22 18 0 1 , 4
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- 312 -
H K L G C F OBS F CALC ri K L C F 1RS F O’ALC0 1 6 1 30 20 33 48 3 1 4 74 1 3 7 7 , 7 60 1 ü 1 27 31 81 ; 3 ' 1 S 17 65 1 5 , 9 90 1 10 1 34 19 33 55 , 3 1 6 10 05 1 0 , 1 40 12 1 24 54 24 01 3 1 7 17 42 1 7 , 3 60 1 14 1 19 15 19 17 3 1 a 24 62 2 7 , 5 50 1 16 1 B 50 5 54 3 1 9 1 5 28 1 2 , 8 7
1 1 0 1 97 38 102 09 3 1 10 10 97 1 7 , 9 61 1 1 1 55 69 60 76 3 1 11 L 3 26 2 , 1 21 1 2 • 1 36 n9 38 5o 3 1 1 2 7 23 5 , 0 51 1 3 1 12 57 12 26 3 1 13 L 1 88 0 , 1 11 1 4 1 27 6 0 23 04 3 1 14 a 63 4 , 2 4') 1 5 1 17 31 17 38 3 1 15 9 08 5 , 4 51 1 6 1 ô 28 3 88 3 1 16 L 3 78 6 , 2 61 1 7 1 3 6 7 4 35 3 1 17 0 92 7 , 2 21 1 8 1 23 21 22 22 4 1 0 32 28 3 2 , 0 41 1 9 1 17 26 1 ô 38 4 1 1 7 61 8 , 3 71 1 10 28 59 27 08 4 1 2 40 95 41 , 421 1 11 1 V 88 3 98 4 1 3 1 20 27 1 2 1 , 4 41 1 12 1 L 5 37 2 40 4 1 4 130 23 133 . 211 1 13 1 10 75 9 65 4 1 5 61 58 80 , 1  81 1 14 1 3 17 4 50 4 1 6 17 22 1 5 , 5 71 16 6 53 5 67 4 1 7 22 37 2 3 , 1 61 1 17 1 L 3 23 2 74 4 1 8 aa 68 2 7 , 3 72 1 0 1 49 04 49 19 4 1 9 15 12 1 6 , 512 1 1 1 72 09 75 86 4 1 10 17 63 1 6 , 3 22 1 2 1 7 2 91 76 43 4 1 11 7 34 0 , 1 32 1 3 1 42 24 39 76 4 1 12 12 35 11 , 652 1 4 1 18 86 20 7 7 4 1 13 11 96 9 , 1 32- 1 5 1 18 63 22 53 4 1 14 9 27 0 , 4 62 6 1 23 59 20 14 4 1 15 ô 41 1 0 , 9 3Z 1 1 0 14 5 68 4 1 16 L 5 48 4 , 3 32 3 1 14 18 16 61 4 1 17 14 18 15 , 012 1 0 1 17 44 17 06 5 1 0 i) 00 1 , 1 42 1 10 1 ô 96 5 78 5 1 1 11 72 1 3 , 3 92 11 1 10 89 11 33 5 1 2 31 88 31 ,712 12 1 13 57 8 06 5 1 3 10 05 12 . 112 1 13 1 L 3 50 7 42 5 1 4 L 4 66 4 , 4 82 1 14 1 9 44 a 96 5 1 5 17 59 1 8 , 7 62 1 15 1 L 4 33 4 10 5 1 6 30 45 3 3 , 9 22 1 16 1 W 20 5 71 5 1 7 24 68 2 2 . 3 22 1 17 1 L 5 39 3 98 5 1 a 10 39 1 4 , 3 03 1 0 ^21 21 24 89 5 1 9 L 3 11 0 , 6 03 1 1 1 21 11 22 32 5 1 10 L 3 00 4 , 7  43 1 2 1 103 93 104 23 5 1 11 : L 3 92 4 , 0 s3 1 3 1 136 1 3 1 36 09 5 1 12 10 23 1 3 , 7 6
313
H K L G C F ODS F CALC i H K L G C F ODS F CALC5 1 13 1 l, 4 25 10 98 3 ■ ' 1 5 1 L 4 . 82 5 , 1 05 1 14 1 10 43 10 45 a 1 6 1 7 9 . 13 7 6 , 5 75 1 15 1 6 40 5 89 a 1 , 7 1 52 9 0 5 3 , 3 15 1 16 1 L 3 56 4 13 8 1 8 1 54 91 5 3 , 3 75 1 17 1 L 3 27 3 26 8 1 9 1 9 56 1 0 , 2 76 1 0 1 L 1 42 7 22 a 1 10 1 11 34 1 2 , 4 8ô 1 1 1 14 59 1 A 63 a 1 11 1 L 3 44 1 1 , 7 26 1 2 1 19 32 18 29 8 1 12 1 11 83 7 , 1 46 1 3 1 17 83 18 66 a rt 13 1 7 73 3 , 6 26 1 4 2^ 95 28 00 8 1 1 4 1 L 3 54 0 , 4 06 1 5 1 23 62 22 70 a 1 15 1 L 3 28 4 , 5 16 1 6 1 n 11 12 69 8 1 16 1 10 19 1 1 , 3 96 1 7 1 13 40 11 54 9 1 0 a 37 9 , 3 56 1 8 1 L 4 47 7 00 9 1 1 12 22 1 u , 1 86 1 9 1 L 5 02 4 22 9 1 2 1 10 62 9 , 796 1 10 1 11 54 11 75 9 î 3 13 20 1 2 , 2 79 1 11 8 13 o 76 9 1 4 1 20 68 1A,7%6 1 12 1 L 3 43 7 21 9 1 5 1 13 26 1 5 , 4 49 1 13 1 6 35 a 53 9 < 1 6 1 12 27 1 2 , 2 36 1 14 1 7 25 5 96 9 1 7 1 2 25 1 7 , 3 46 1 15 1 L 4 70 2 58 9 1 8 1 L 4 30 4 , 5 86 1 16 1 L 3 33 2 13 9 1 9 1 8 19 6 , 7 4À 1 17 1 9 31 8 75 9 1 10 1 rjfî 79 7 , 3 37 1 0 1 41 72 43 39 9 1 11 1 15 54 1 4 , 5 27 1 1 1 29 41 28 77 9 1 12 15 76 1 1 , 7 87 1 2 1 16 48 17 38 9 1 13 1 L 5 43 1 1 , 7 47 1 3 1 13 11 10 01 9 1 14 1 L 3 65 2 . 9 87 1 4 1 49 24 47 73 9 1 15 1 8 57 4 , 5 77 . 1 5 1 19 91 23 23 9 1 16 1 L 3 30 4 , 5 17 1 6 1 1.03 31 103 12 1 0 1 0 11 03 1 3 , 7 57 1 7 1 3o 55 40 15 10 1 1 1 a 94 7 , 5 47 1 8 1 22 03 21 51 1 0 1 2 1 13 89 1 3 , 7 41 9 11 71 12 89 1 0 1 3 1 8 59 1 1 . 9 67 1 10 1 1 0 00 y 20 10 1 4 22 57 2 4 , 7 37 1 11 1 9 53 a 48 1 0 1 5 1 p 34 1 5 , 2 6
7 1 12 1 L 5 62 V 66 1 0 1 6 1 24 52 2 3 , 9 87 1 13 1 10 18 5 95 1 V 1 ? 1 n OS 1 1 , 5 ?7 1 14 1 9 30 11 23 10 1 3 1 a 70 3 , 0 57 1 15 1 8 54 7 39. 10 1 9 1 9 55 1 2 , 0 27 1 16 1 y 35 9 61 10 1 10 14 01 1 4 , 2 4a 1 0 1 V 86 11 06 1 0 1 11 1 9 42 1 1 , 1 18 1 1 1  ^ 28 57 30 63 10 1 12 11 88 1 1 . 8 98 1 2 1 23 06 24 24 10 1 13 1 15 63 1 2 , 8 4a 1 3 1 L ■ 3 45 2 68 10 1 14 1 11 15 ■ -vl ; ,> 4a 1 4 1 18 79 13 24 1 0 1 15 1 L 3 19 2 , 3 4
314
H K L fi G F 008 F CALC H K L G C F DBS F CALC
0 1 16 L 3 1 4 1 , 8 4 •1 3 1 12 1 L 1 93 7 ,  ü6
1 1 0 L 4 56 1 0 , 2 4 1 3 1 13 1 L 3 45 4 , 4 2
1 1 1 11 71 1 2 , 8 9 13 1 1 4 1 L 3 14 2 , 1 1
1 1 2 58 43 5 7 , 6 7 1 4 1 0 1 L 2 97 4 , 4 2
1 1 3 32 63 3 1 , 4 7 14 1 1 1 13 33 1 1 , 2 9
1 1 4 14 30 1 6 , 5 9 1 4 1 2 1 19 78 1 ^ , 7 1
1 1 5 1 5 66 1 3 , 7 0 1 4 1 3 7 95 ^ , 9 41 1 6 ô 36 1 0 , 3 7 14 1 4 1 ô 97 9 , 4 4
1 1 7- 1 6 73 1 5 , 3 5 • 14 1 5 1 11 62 9 , 4 1
1 1 6 L 3 86 1 3 , 0 4 1 4 1 6 1 8 14 5 , 3 31 1 9 n 91 1 1 , 7 2 14 1 7 1 L 5 65 9 , 7 4
1 1 1 0 21 76 2 4 , 4 3 1 4 1 6 1 9 35 7 , 9 51 1 11 8 10 1 0 , 0 5 14 1 9 1 21 17 21 , 4 6
1 1 12 12 70 1 4 , 7 8 •14 1 10 19 9 4 1 4 , 8 3
1 1 13 L 4 73 4 , 2 6 1 4 1 11 .7 25 8 , 7 4
1 1 14 8 66 3 , 3 5 1 4 1 12 1 L 5 46 1 , 3 7
1 1 1,5 L 3 41 2 , 5 7 1 4 1 13 1 L 4 15 6 , 6 8
2 1 0 14 88 1 3 , 1 2 1 4 1 14 1 L ■' 4 31 0 , 9 82 1 1 IV 52 1 3 , 5 7 15 .1 0 1 6 32 5 , 2 52 1 2 17 60 1 6 , 0 2 15 1 1 1 14 46 1 2 , 9 6
2 1 3 37 05 3 5 . 4 7 15 , . 1 2 13 55 1 2,  46
2 1 4 17 43 1 6 , 1 3 15 1 3 IV 23 1 0 , 0 0 '2 1 5 1 0 0 4 1 4 , 1 4 1 5 1 4 1 L 3 32 9 . 8 22 1 6 L 3 03 1 . 2 4 i 5 1 5 1 10 15 9 , 8 8
2 1 ? 22 94 2 1 , 7 1 15 1 6 1 18 60 2 0 , 9 2
2 1 8 9 24 9 , 3 3 1 5 1 7 1 21 42 2 3 . 2 2
2 1 9 9 01 1 0 , 5 9 15 1 8 1 7 86 7 , 3 42 1 10 IV 00 6 , 2 0 1 5 1 9 14 05 1 4 , 6 1
2 , 1 11 21 11 2 B, 2 9 15 1 10 1 6 45 0 , 4 7
2 1 12 .11 47 9 , 0 4 15 1 1 T 1 L 5 85 0 . 7 12 1 13 L 2 7.1 4 . 4 2 i 5 1 12 1 7 0 4 5 . 3 7
2 1 14 • 0 95 5 , 9 6 15 1 13 1 9 72 6 . 7 02 1 15 6 57 ' 5 , 1 9 1 6 1 0 1 L 3 30 7 . 0 53 1 0 L 3 43 9 , 0 3 1 6 1 1 1 8 47 ü , 4 63 1 1 9 84 8 , 9  0 1 6 1 2 1 5 89 9 . 9  4
3 1 2 L 4 66 3 , 2 4 16 1 3 1 7 19 9 , 6 53 1 3 5 70 9 , 2 0 1 6 1 4 1 25 33 2 2 , 8 93 1 4 15 87 1 6 , 6 0 1 ù 1 5 1 6 67 0 , 0 4
3 1 5 9 09 9 , 0 2 1 ù 1 6 1 6 78 7 , 7 63 1 ■ 6 6 42 9 , 8 4 1 6 1 7 20 82 2 2 , 2 3
3 1 7 L 3 29 1 , 89 1 6 1 8 1 27 50 2 7 , 7 63 1 8 11 70 1 8 . 5 5 1 à 1 9 1 15 27 1 7 , 9 33 1 9 19 60 2 2 , 4 6 1 o 1 10 1 L 3 63 4 , 6 9
3 1 10 U 15 69 1 7 , 0 8 1 6 1 11 1 L 3 52 « ',3 * .343 1 11 L 5 15 7 , 5 0 1 ô 1 12 1 L 3 18 5 , 5 6
315
H K L G C F OBS F CALC H K L G C F OBS F CALC1 6 1 13 1 L 3 . 25 2 , 27 ' 20 T 1 “ , .n - L 3, 33 , 0 017 1 0 1 L 3 44 0 1 ? 20 1 9 L 3. 23 5 , 1 21 7 1 1 1 L 5 30 5 54 21 1 0 L 3 68 2 , 9 3i 7 1 2 1 IV 57 10 44 21 1 1 5 11 6*6917 1 3 1 16 ao 12 53 21 1 2 a 83 8 , 8 41 * 4 1 9 74 6 32 21 1 3 12 14 8 , 6 8l 7 1 5 1 13 6 7 12 53 21 1 4 12 22 1 3 *9617 1 6 1 16 49 17 16 21 1 5 14 27 9 , 0 si 7 1 7- 1 13 39 12 71 21 1 6 L 4 16 7 , 5 417 1 8 1 11 47 6 66 21 1 7 7 93 ü , 0 317 1 9 1 L 3 50 5 40 ' 21 1 8 L 3 33 3 , 9 5i 7 1 10 9 51 4 84 22 1 0 L 5 28 5 , 1 217 1 11 L 3 46 6 22 2% 1 1 9 27 8 , 2 917 1 12 1 L 3 30 5 90 22 1 2 6 53 6.  0 418 1 0 1 L 3 26 1 45 22 1 3 L 4 59 9 , 6 218 1 1 1 L 3 48 a 85 22 1 4 fi 93 4 , 0 4l 3 1 2 1 a 67 7 27 22 1 5 9 12 9 , 4 618 1 ‘3 1 8 92 9 42 22 1 6 5 92 5 , 8 01 0 1 4 1 21 75 24 39 22 .1 7 11 48 1 2 , 3 71 8 1 5 1 13 42 18 75 23 1 0 L 1 83 0 , 8 41Q 1 ô 1 0 71 7 83 23 (i 1 13 ?a 1 2 . 6 918 1 7 1 12 71 11 27 23 1 2 7 25 4 , 0 018 1 8 1 L 3 50 9 70 23 1 3 10 62 1 1 . 1 718 1 9 9 52 9 54 23 1 4 L 2 50 3 , 3 518 1 10 1 a 30 6 37 23 1 5 a 82 6 , 1 2id 1 11 1 L 3 30 2 82 2^ 1 0 5 19 6 . 6 619 1 .0 1 L 2 72 4 74 24 1 1 1 0 63 1 2 , 6 3l9 1 1 1 L 3 55 2 16 0 2 0 60 09 5 6 , 1 919 . 2 1 L 3 59 7 17 0 2 2 a 45 5 , 7 219 1 3 1 16 84 16 10 0 2 4 7 91 4 , 5 7i9 1 4 1 L 3 54 3 48 0 2 6 20 38 1 7 , 8 519 5 1 L 3 65 5 45 0 2 8 22 81 2 2 , 7 4i 9 1 6 1 L 3 47 6 02 0 2 10 y 02 1 3 , 1 7i 9 1 7 1 a 10 7 18 0 2 12 49 2 1 , 3 7l 9 1 S 1 L 3 55 5 82 0 2 14 a 67 1 0 , 0 619 1 9 1 6 9 4 5 04 0 2 16 1 ô 33 1 6 . 5 0i9 1 10 1 l 3 40 1 10 1 2 0 24 90 24,  0620 1 0 L 1 94 2 84 1 2 1 63 44 6 0 , 6 720 1 1 1 L 6 13 11 65 1 2 2 10 72 6 , 8 520 1 2 9 89 10 70 1 2 3 15 37 12 , 2120 3 1 7 75 a 96 1 2 4 1> 47 1 5 , 5 820 4 1 10 95 1 1 72 1 2 5 19 86 2 0 , 1 320 1 5 19 56 21 20 1 2 6 L 4 66 1 5 , 0 920 1 6 1 L 4 27 10 64 1 2 7 28 45 %6,7520 1 ? 1 7 54 1 41 1 2 a 21 18 2 0 , 7 3
-  316 -
H K L C F OBS F CA,C H K L C F DBS F CALC
1 Z 9 1 2 . 40 1 0 21 -4 2 3 21 80 1 8 , 4 6
1 Z 10 L 1 71 à 76 4 ■ 2 4 40 44 3 8 , 1 6
1 2 11 10 77 11 43 4 2 S 17 06 1 6 , 6 6
1 2 12 L 3 57 11 08 4 2 6 41 50 3 9 , 5 7
1 2 13 L 1 92 1 29 .4 2 7 1 î> 30 1 2 , 6 7
1 2 14 10 2 <> 11 43 4 2 8 23 17 2 2 , 8 7
1 2 15 6 34 11 41 4 2 9 7 76 7 , 6 4
.1 2 16 y 71 9 04 4 2 10 18 85 1 8 , 89
2 0 30 78 32 04 4 n6, 11 13 0 2 1 2 , 7 2à 2 1 29 17 33 48 4 2 12 L 3 52 6 , 8 3?, 2 2 34 3B 35 05 4 2 13 L 3 58 5 , 4 8Z 2 3 25 78 25 15 4 Z 14 1 4 75 1 *iî, «t. 8Z 2 4 L 4 99 9 10 4 Z 15 L 5 68 5 , 9 3z 2 5 14 52 11 69 4 z 16 7 88 5 s 86
2 2 6 y 49 11 76 5 z 0 31 04 3 0 , 0 8Z 2 ? 7 62 6 78 5 z 1 6 24 5 , 6 0
2 2 a 10 49 7 56 5 z 2 18 50 1 7 , 2 8
2 2 9 13 48 12 59 5 z 3 10 10 1 5 , 6 o
2 2 10 1 ü 57 7 59 5 z 4 1 ^ 64 1 5,  30
2 2 11 a 63 9 21 5 2 5 05 1 4 , 1 52 2 12 9 74 7 85 5 2 6 27 15 2 0 , 1 3
2 2 13 « 16 10 71 5 2 7 19 55 2 0 , 0 5 .
2 2 14 L 3 63 2 35 5 2 a 19 37 2 1 , 8 7
2 2 15 9 32 5 96 5 2 9 5 81 a , 96
2 2 16 L 3 40 7 99 5 2 10 y 66 3 , 1 43 2 0 33 89 34 15 5 Z 1.1 16 85 1 7 , 1 53 2 1 22 0 4 21 62 5 2 12 13 16 9 , 9 33 2 2 31 54 30 75 5 2 13 7 24 Ü,OT3 . 2 3 77 ?.9 63 5 2 14 9 47 %.283 2 4 33 67 35 96 5 2 13 6 80 7 . 5 23 2 5 22 25 22 71 5 2 16 L 4 74 5 , 3 63 2 6 28 32 22 56 6 2 0 27 55 2 3 , 4 53 2 7 24 15 22 35 6 2 1 1> 71 1 9 , 5 53 2 S 20 56 21 40 0 2 2 16 66 1 7 , 0 53 2 9 27 86 28 75 6 2 3 20 71 2 5 , 4 7
3 2 10 12 69 11 59 6 2 4 33 21 3 3 , 4 73" 2 11 7 89 4 46 6 2 5 39 66 4 1 , 6 93 2 12 a 82 9 16 6 2 6 44 66 4 7 , 1 2
3 2 13 L 3 52 6 12 6 2 7 20 66 1 9 , 6 93 2 1 4 10 25 10 95 6 2 a 11 95 1 2 , 4 93 2 15 6 87 a 43 6 2 9 6 61 0 , 2 93 2 16 L 4 46 3 87 6 2 10 L 3 34 2 , 3 34 2 0 5 06 5 60 6 2 11 L 3 22 3, 714 2 1 25 1 4 25 02 6 2 12 10 47 0 , 2 84 2 2 24 73 26 17 6 2 13 7 75 0 , 1 5
- 317 “
H K L C r OBS F ÇALG : H K L G C F IBS F CALC6 2 14 L 4 31 5 49 9 2 9 1 7 44 2,486 2 15 L 4 95 3 53 9 ' 2 10 1 16 58 1^,076 2 16 n 1 7 4 04 9 2 11 1 ? 37 9,707 2 0 6 73 ü 13 9 2 12 1 L 3 ?o 9,327 2 1 34 91 35 84 9 2 13 1 8 41 7,757 2 2 16 35 i5 9 2 9 2 14 1 9 04 ü,3%7 2 3 32 25 32 27 9 2 15 1 9 32 ü,307 2 4 23 67 20 83 1 0 2 0 1 L 2 91 1 ,397 2 5 .• 8 40 9 63 10 2 1 1 7 30 3,847 2 6 59 66 51 14 1 0 2 2 1 7 68 6,787 2 7 30 64 33 42 1 0 2 3 1 14 07 12,517 2 3 24 08 25 81 10 2 .4 1 L 2 19 5,657 2 9 L 4 60 2 83 1 0 2 5 1 8 30 ^«047 2 10 6 28 o 58 1 0 2 6 ■ 1 11 34 i2,:87 2 11 12 75 14 86 1 0 2 7 1 11 64 13,337 2 12 y 01 8 64 1 ü Z 8 1 18 91 21 ,667 2 13 L 3 88 5 53 1 ü 2 9 1 23 92 25,087 2 14 L 3 61 5 40 10 2 10 1 17 44 1Ü,l87 2 15 L 3 47 4 07 10 2 11 1 17 49 11 .057 2 1 6 à 50 4 33 1 0 2 12 1 8 67 7 , 438 2 0 17 28 18 99 10 2 13 1 6 64 <■•■,938 2 1 32 89 32 79 1 0 2 14 A 7 19 8,478 2 2 8 68 9 49 1 ü 2 15 1 L 3 29 6 , 2 08 2 rf 29 74 29 78 11 2 0 1 41 02 41.268 2 4 U» 44 6 20 '>• 1 2 1 1 11 22 9,47a 2 5 12 90 12 06 11 2 2 1 8 17 9,03a 2 6 23 19 18 61 11 2 3 1 L 2 99 4,438 2 V 12 04 12 18 11 2 4 1 l 4 55 7,58a 2 8 38 62 38 84 11 2 5 1 5 49 5,42
a ■ 2 9 20 34 21 73 11 2 6 1 1« 63 1 8 . 9 2a 2 1 0 L 3 34 1 98 11 2 7 1 10 13 10.628 2 11 9 09 4 99 11 2 8 1 L 3 40 1 , 8 9a 2 12 . L 4 73 11 57 11 2 9 1 16 85 21,05a 2 13 L 3 56 3 68 11 2 10 1 39 35 4 4 , 0 0a 2 14 n 42 7 45 11 2 11 1 1 ? 61 18,408 A 15 lu l 7 3 50 11 2 12 1 9 47 8,419- 2 0 25 63 22 04 11 2 13 1 L 1 90 1 , 7 09 2 1 18 68 19 27 11 2 1 4 1 L 3 64 9,529 2 2 19 93 17 76 1 2 2 0 1 L 3 05 5 , 8 49 2 3 33 23 34 27 1 2 2 1 1 5 29 5,069 2 4 18 19 18 91 1 2 2 2 1 t. 6 4 7,949. 2 5 n 6 4 12 59 12 2 - 3 1 14 27 1P,519 2 6 8 78 3 98 12 2 4 1 L 2 37 6,249 2 7 14 73 14 66 12 2 5 1 8 22 f,059 2 3 L 3 88 4 88 12 2 6 1 L 3 25 2,19
3 1 8 -
H K L G C F OBS F CALC t) K L G C F DBS F CALC1 2 2 7 1 r . 4 7 4, 31 i 5 2 8 1 14 49 1 3, 021 2 2 8
9 1 L 3 . 4 7 u , 3 3 l 5 2 9 l 3 36 0 6 A1 Z 2 1 4 . 8 3 4 , 6 8 ; 15 2 10 1 0 07. 4 471 2 2 10 1 6 . 1 0 9 , 1 2 ; 1 5 2 11 7 75 4 1012 2 11 1 2 2 . 1 9 2 4 , 3 4 ' 1 5 a 12 1 L 3 33 7 431 2 2 12 1 Ü. 14 9 , 4 9 : 1 Ô 2 0 1 41 75 43 081 2 2 13 1 1 5 . 6 2 1 2 , 6 4 16 2 1 15 70 18 6912 2 14 1 0 . 4 0 3 , 8 4 1 6 a 3 1 a 38 7 561 3 2 0 1 2 0 . 9 2 2 4 , 0 5 1 6 a .4 1 6 82 4 4 41 3 2 1 1 L 3 . 3 3 7 , 81 1 6 2 2 1 17 1 4 15 901 3 2 2 1 8 . 0 5 7 , 4 2 1 6 a 3 1 L 5 57 3 1*31 3 2 3 1 9 . 0 1 1 1 , 1 9 1 6 a 6 1 l 3 54 8 0713 2 4 1 7 . 5 5 1 4 , 4 5 1 6 a 7 1 9 71 2 631 3 a 3 1 L 3 . 9 6 7, 01 10 2 8 l 3 68 5 361 3 2 6 1 1 4 . 2 7 1 4 , 1 2 1 6 2 9 1 L 4 71 7 861 3 2 7 1 1 9 . 6 3 21 , 66 1 6 2 10 1 a 24 7 7713 2 a 1 1 3 . 7 9 17 . 61 1 6 2 11 1 7 77 5 2 11 3 2 9 1 L 4. 71 5 , 3 2 16 a 12 1 L 5 78 ü 0?1 3 2 10 1 1 1 . 6 3 9 , 5 7 i 7 2 0 1 14 91 14 1 313 2 11 1 0 , 4 2 9 , 9 8 i 7 2 1 1 2 4 Op 25 621 3 2 12 1 1 1 . 0 5 7 , 5 7 17 a 2 1 10 24 9 3613 2 13 1 L 3 . 3 6 4 , 5 0 i 7 2 3 1 11 31 10 0 01 3 a 14 1 L 4 . 8 6 ' 6 , 3 4 i 7 2 4 1 17 72 1 d 8 814 2 0 1 L 3 . 2 * 0 , 6 5 i7 2 5 1 12 37 1 8 241 4 2 1 7 . 1 4 7 , 2 3 i 7 2 6 1 11 95 13 001 4 2 2 1 6 , 0 4 6 , 9 3 i 7 2 7 1 9 88 5 3n1 4 2 3 1 L 5 . 5 8 4 , 9 8 i 7 2 3 1 L 5 63 3 501 4 2 4 1 L 3. 31 4 , 9 6 1 7 2 9 L 3 43 5 021 4 2 5 1 L 3. 41 1 , 47 i 7 2 10 1 L 3 38 9 681 4. 2 ô 1 10,01 3 , 6 7 17 2 11 1 L 5 34 a 6  41 4 . 2 ? 1 1 6 . 0 5 1 9 , 1 3 1 8 2 0 1 1 2 .92 18 961 4 2 a 1 1 7 . 7 0 22. 41 1 8 '1 1 1 8 83 10 1 714 2 9 1 1 9 . 7 5 2 0 , 5 7 1 u 2 2 1 L M 73 1 411 4 2 10 1 7 . 7 5 4 , 4 8 1 8 2 3 1 9 67 6 9314 2 1 1 1 8.11 8 , 3 4 18 2 4 1 18 89 22 9814 2 12 1 6 . 7 0 8 , 5 5 18 . 2 5 1 17 87 19 501 4 2 13 1 1 0 . 3 4 8 , 2 6 18 2 6 1 17 82 18 37
U 2 0 1 L 3 . 3 5 1 3 , 6 6 i 8 2 7 1 7 1 8 5 9413 2 1 1 1 2 . 5 6 14,57' 1 8 Z 8 1 L 1 69 7 551 3 2 2 1 17 , 31 1 9 , 3 0 18 2 Ç 1 L 5 19 4 441 5 2 3 1 1 6 , 5 0 1 4 , 3 0 1 a 2 1 0 1 ô 15 3 1 51 5 2 4 1 1 0 . 9 2 7 , 4 7 19 2 . 0 1 6 72 5 341 5 2 5 1 6 . 7 5 1 , 2 2 i 9 2 1 1 L 3 59 a 0  41 5 2 6 1 l „ 3 . 6 6 8 . 3 7 19 2 2 1 7 75 4 8115 2 7 1 L 3 . 3 3 1 0 , 8 9 i 9 2 3 1 5 13 Q 1?
" 319 “
H K L C F ORS F CALC H K L C F OBS F CALCi 9 H 4 l. 3 . 8 7 5 , 4 0 1 3 5 o . 76 1 4 , 50i9 2 5 1 3 . 4 5 2 0 , 2 9 1 3 6 10 . 16 «1, ü 819 2 6 1 1 . 7 5 4 , 1 5 1 3 7 ■ 1 7 1 a 138 , 3219 2 ? L 5 . 5 2 3 , 5 6 1 3 a 8 7919 2 S L 3 . 6 3 3 , 2 9 1 3 9 11 34 11 , 8 619 2 9 1 3 . 8 4 1 0 , 5 4 1 3 10 13 26 15 , 76RO 2 0 0 . 0 0 1 , 54 1 3 11 •12 94 6 , 5220 2 . 1 L 3 . 61 3 , 9 4 1 3 12 6 12 12 .9020 2 2 7 . 9 3 1 0 , 9 6 1 3 1 3 L 3 73 7 F 8520 2 3' 1 9 . 9 2 1 7 , 5 7 1 3 1 4 L 3 78 5 , 4320 2 4 1 3 . 2 0 1 6 , 7 2 1 3 15 L 3 35 1 ,.5520 2 5 1 0 . 3 3 1 0 , 0 0 2 3 0 n 47 10 , 8920 2 6 9 . 6 4 9 , 4 4  . 2 3 1 22 67 1 8 I l 7RO 2 ? G . 79 5 , 5 0 2 3 Cm 23 71 19 ,8920 2 8 l 4 . 3 0 0 , 7 4 2 3 3 16 72 15 , 0421 2 0 L 3 . 4 9 5 , 1 9 2 3 4 13 41 13 , ] 721 2 1 8 .6 6 7 , 7 8 2 3 5 19 10 20 , 5821 2 2 1 0 . 9 8 1 4 , 5 4 2 3 6 13 25 12 . 0121 2 3 13 . 61 1 2 , 2 7 2 3 7 L % 88 2 , 5821 2 4 15. 91 17 , 51 2 9 a L 46 58 3 , 9821 2 3 9 . 2 8 8 , 2 5 2 3 9 73 5 , 5121 2 6 L 5 . 3 6 6 , 7 0 2 3 10 7 45 6 , 8621 2 7 L 3 . 2 5 6 , 9 7 2 3 11 L 3 56 y. , 5322 2 0 7 . 9 7 9 , 0 2 2 3 1 2 7 75 1022 2 1 L 3 . 4 7 8 , 7 5 2 3 1 3 7 96 u , 4 322 2 2 7 . 0 3 7 , 1 2 2 3 14 L 4 99 0 , 8422 2 3 1 3 . 0 7 12, 41 2 3 13 L 5 69 8 , 6 322 2 4 9 . 5 6 6 , 4 6 3 3 0 26 53 26 ,2122 2 5 L 4 . 8 9 7 , 3 3 3 3 1 41 31 38 , 4 023 2 0 L 3 . 2 8 1 , 2 2 3 3 2 7 80 11 , 3 023 2 1 6 . 2 4 4 , 8 9 3 3 3 13 65 10 / a s23 2 2 9 . 2 5 1 0 , 3 2 3 3 4 11 79 12 , 1 20 3 0 6 . 3 3 5 , 50 3 3 5 L 5 58 8 . 850 3 2 1 2 . 2 2 9 , 6 7 3 3 6 L 2 9 7 5 , 520 3 4 47 . 12 4 4 , 7 6 3 3 8 54 7 ,610 3 6 36. 69 3 3 , 49 3 3 S 7 39 7 .610 . 3 3 2 4 . 5 3 24 ,69 3 3 9 10 23 11 , 580 3 10 1 3 . 2 5 1 2 , 6 3 3 3 10 9 89 15 ,730 3 1 2 1 2 . 5 4 1 * , 2 4 3 3 11 L 5 49 4 , 81û 3 14 1 2 . 8 4 1 3 , 3 4 3 3 12 9 29 ô3 0 8 . 5 5 7 , 8 2 3 3 1 3 6 79 ti , 861 3 1 1 0 . 6 4 1 2 , 2 9 3 3 14 r 29 7 , 4 91 ' 3 2 26.01 2 3 , 9 2 3 3 15 L 5 37 4 . 161 3 3 2,8 96 25 , 01 4 3 0 40 07 36 , 001 3 4 3 1 . 7 4 2 9 , 8 0 4 5 1 27 72 19
" 320 ~
H K L C F ODS F CALC H K L C F ORS F CALC4 3 2 2 ^. 07 24 97 6 3 15 6 70 7,  5 44 3 3 16 05 14 55 7 ■ 3 0 30 84 2 5 , 4 14 3 4 L > 0 4 5 99 7 3 1 10 85 8 , 704 3 5 1 Ü 91 13 54 7 3 2 8 06 6 , 3 84 3 6 L à 09 10 56 7 3 3 36 48 3 4 , 9 6
4 3 7 L 5 19 2 13 7 3 4 1 P 16 12, 16-4 3 a 4 97 1 ^ 06 7 3 5 L 5 51 11 , 364 3 9 11 24 11 38 7 3 6 14 13 6 , 9 74 3 1 0' L 1 88 4 42 7 3 7 10 31 9 3 84 3 11 y 79 U 30 7 3 8 L 1 83 1 , 5 44 3 12 16 79 19 00 7 3 9 l, 5 75 ü , 2 44 3 13 ë 17 5 41 7 % 10 14 21 1 5 , 7 24 3 1 4 L 3 56 2 64 7 3 11 L u, 75 3 , 3 74 3 15 L 3 25 5 90 7 3 12 15 67 1 4 , 4 95 3 0 V 00 ü 24 7 3 13 L 3 57 y ,  115 3 1 14 87 13 36 7 3 14 6 80 7 , 3 95 3 2 12 70 l'Ji 83 8 3 0 6 30 7 , 4 85 3 3 13 64 1U 72 a 3 1 10 94 11 , 6 25 3 4 1^ 39 15 57 8 3 2 L Z 95 5 , 0 65 3 5 > 75 10 57 8 3 3 11 00 9 , 7 2
5 3 6 96 7 25 8 3 4 1 0 99 9,975 3 7 14 94 14 56 8 3 5 6 36 f , 7 S5 3 8 r 54 5 48 8 3 6 15 74 1-4,85
5 3 9 l 4 80 5 18 8 3 3 9 07 6 , 0 15 3 1 0 10 70 11 17 8 3 9 6 26 1 0 ,1 05 3 11 l 3 68 3 34 8 3 10 9 44 1 2 , 5 35 3 12 V 09 15 56 8 3 11 6 43 3 , 6 85 3 13 0 64 9 54 8 3 12 6 94 7 , 3 6
5 . 3 14 10 83 10 83 8 3 13 10 27 1 0 , 0 45 3 15 L 3 31 7 5l 8 3 14 6 92 7 , 7 50 3 0 8 29 8 30 9 ? 0 L 5 13 2 , 8 76 3 1 17 74 17 72 9 3 1 13 02 1 0 , 6 06 3 2 27 55 26 79 9 3 2 10 39 1 2 , 6 1ô 3 3 19 91 19 u3 9 3 3 L 7t 89 9 , 2 56 3 4 11 28 ii 59 9 3 4 L 5 38 1 0 . 8 66 5 5 L 3 10 5 34 9 3 5 6 51 9 , 6 36 3 6 L fr 38 A 72 9 3 6 15 46 1 7 , 8 06 3 7 6 74 5 48 9 3 7 15 11 1 9 , 5 66 3 8 7 20 ô 59 9 3 3 7 50 1 1 , 1 6Ô 3 P 1 0 00 12 05 9 3 9 8 76 7 . 8 66 3 10 L 3 61 11 46 9 3 10 L 5 50 4 , 0 26 3 11 ô 70 0 74 • 9 3 11 L 5 62 %,606 3 12 11 46 15 72 9 3 12 7 64 9 , 9 9
Q 3 13 '9 73 10 37 9 3 13 6 13 .4^5*6 3 14 L 5 53 o 74 9 3 14 > 81 B 9 0
321
H K L G C F OB? F CALC M K L n c F )BS F CALC10 3 0 1 23 42 24 h  4 13 3 3 1 20 39 2 4 , 7 41 0 5 1 1 16 1 8 10 83 13 ' 3 4 1 21 76 2 0 , 1 310 3 2 1 1 4 45 10 90 1 5 3 5 1 12 71 1 0 , 9310 3 3 1 L 5 10' 3 8 0 13 3 6 1 (y 64 10 ,6 810 3 4 1 r 19 5 80 13 3 7 1 1 0 0 4 5 , 8 710 3 5 1 r 9 7 5 14 13 3 8 1 L 4 75 13 , 7010 3 6 1 r 73 6 6 2 13 3 9 1 8 19 5 , 6 010 3 7 5 59 8 07 13 3 10 1 5 71 3 , 9 510 3 a 1 11 71 13 21 13 3 11 1 6 68 5 ,9 310 3 9' 1 19 63 23 63 13 3 1 2 1 L 4 34 7,5110 3 10 1 11 79 10 87 1 4 3 0 1 n 37 9 , 0 810 3 11 1 6 95 1 0 64 1 4 3 1 1 1 0 25 10 , 0510 3 12 1 7 79 11 6 0. 1 4 3 2 1 19 08 18 . 2910 3 13 1 5 46 5 08 1 4 3 3 1 17 95 2 0 , 6 011 3 0 1 L 3 41 0 08 1 4 3 4 1 1 F) 2-8 11 , 7711 3 1 1 19 87 1 8 19 1 4 3 5 1 L 3 64 14 , 2511 3 2 1 l. 4 27 6 80 14 3 6 1 9 07 7,0  411 3 3 1 18 07 16 7 2 1 4 3 y y 89 1 0 ,4211 3 4 1 7 au 11 14 1 4 3 S 1 7 73 7 , 5 211 3 5 1 5 47 4 34 1 4 3 9 1 L 1
3 65 7 , 6 311 3 6 8 71 13 42 1 4 3 10 8 37 9 , 8 311 5 7 1 5 33 a 45 1 4 3 11 1 a 07 9 , 1 711 3 a 1 L 4 70 5 50 i5 3 0 1 y 33 8,  6 111 5 9 1 a 44 7 70 1 5 3 1 1 7 63 7 , 4 511 3 10 1 H 66 12 37 15 3 2 5 74 9 , 3 211 3 11 1 6 05 6 16 15 5 3 1 5 0 8 ■ 4 , 5111 3 12 1 10 02 10 67 1 5 3 4 1 10 57 12 , 3611 3 1 3 1 L 3 32 1 96 15 3 5 1 l, 3 53 5 , 6912 3 0 1 12 61 12 66 15 3 6 1 a 89 7 , 6 312 5 1 1 14 68 1 8 9S 1 5 3 1 6 97 7,4112 3 2 1 7 81 a 08 • 1 5 3 3 1 L 2 71 3 , 6 2i2 3 3 19 41 21 08 l5 3 9 1 L 4 20 3 ,3 012 3 4 1 15 67 42 l5 3 1 0 1 L 3 40 7 , 291 2 3 5 1 y 12 10 44 15 3 11 1 l 3 21 5 , 1 612 3 6 1 a 2 4 Q 96 1 6 3 0 1 L 1 93 2 . 9 31 2 3 7 1 1 3 60 3 0 8 1 6 3 1 1 14 58 14,51i»2 3 8 1 5 47 4 06 1 6 2 1 L 4 32 5 , 9 812 S n 1 1g 56 13 48 1 6 3 1 7 25 3 , 4  612 3 10 1 l 3 60 7 44 1 6 3 4 1 13 71 12 . 1612 3 11 1 L 4 62 7 45 1 6 3 5 1 L 3 62 ■ u 612 3 12 1 L 3 47 3 21 1 6 3 6 1 n 46 8 , 7212 3 13 1 L 3 4 4 5 48 1 6 5 7 1 ü 55 9 , 3 513 3 0 1 14 37 16 29 1 6 3 8 1 11 89 11,0113 3 1 1 16 86 16 33 1 6 3 9 1 5 49 6,1115 3 2 1 18 38 19 25 1 6 3 10 1 8 45 U, 1 4
322 -
H K L 6 C F 0 BS F CALC H K L G C F OBS F CALC17 3 0 21 42 21 , 16 1 4 1 1 12 98 13 , 951 7 3 1 68 17 17 1 ' 4 3 1 10 07 8 3617 3 2 13 98 8 78 1 4 2 1 11 18 8 49i 7 ■ 3 3 L 3 73 y 36 1 4 4 1 2V 86 24 07i 7 3 4 7 97 11 9 5 1 4 5 1 1 5 83 1 4 1 03 3 7 19 5 56 1 4 6 1 18 31 18 081 7 3 6 8 30 ô 54 1 4 7 1 L 3 69 11 06i 7 3 7 L 3 47 10 12 1 4 8 1 L 3 30 D 0517 3 8, L 3 50 5 60 1 4 9 1 y 26 8 3817 3 9 L 4 67 3 78 1 4 10 1 L 3 68 7 9918 5 0 19 10 18 15 1 4 11 1 11 09 7 1118 3 1 13 19 16 10 1 4 12 5 95 2 36i a 3 2 13 76 16 39. 1 4 13 1 L 3 36 1 7618 3 3 7 91 O 36 2 4 0 1 L 3 28 4 9918 3 4 L 3 57 3 88 2 4 4 1 a 32 O 0818 3 5 l u 8.4 12 90 2 4 2 1 V 03 7 5818 3 6 L 3 33 6 35 2 4 3 1 L 3 26 2 5518 3 7 L 3 46 0 9 0 Z 4 4 1 8 27 y o718 3 8 ç> 82 4 03 2 4 5 1 10 64 7 7819 3 0 12 01 ô 61 2 4 ô 1 9 32 17 4719 3 1 IV 90 7 71 2 4 7 i 15 91 18 49i 9 3 2 L 3 47 0 59 2 4 a IV 96 12 8019 3 3 L 4 60 2 38 â 4 9 1 10 75 13 1 519 3 4 L ;i 22 4 54 Z 4 10 1 15 39 1 4 7119 3 5 0 34 2 03 2 4 11 1 L 3 33 8 6l19 3 6 L â 58 1 88 Z 6 12 1 7 28 3 2319 3 ? 6 03 6 43 2 4 13 1 10 95 3 1720 3 0 9 76 O 22 3 4 0 1 L 3 25 10 4220 3 1 3 82 9 37 5 4 1 1 17 36 l u 5820 3 2 y 52 o 58 3 4 2 7 11 8 1320 3 3 V 02 5 12 ■ 3 4 3 1 10 33 9 7220 3 4 L 3 30 ü 60 3 4 4 1 11 50 12 4820 3 3 L 1 75 4 25 3 4 5 1 L 4 04 5 5921 5 0 13 33 1^ ^ 32 3 4 6 1 20 38 20 8221 3 1 14 20 9 91 3 4 7 1 10 13 12 0821 3 2 L g 47 8 95 3 4 8 1 25 08 26 3821 3 3 1-1 72 10 19 3 4 10 1 L 3 71 7 070 4 0 7 14 6 37 3 4 9 1 10 41 12 820 4 2 14 54 11 39 3 4 11 1 L 2 71 3 47Q 4 4 L 3 32 1« 9 7 3 4 12 1 L 1 87 5 660 4 6 IV 67 12 02 3 4 13 1 L 3 33 1 56-0 4 8 l. 4 2 6 11 56 4 4 0 1 a 61 4 74ü 4 10 0 72 8 63 4 4 1 1 L 3 23 8 020 4 12 L 3 57 3 61 4 4 2 1 13 .25 11 361 4 0 6 08 ù 02 4 4 3 1 L 3 . 37 4 26
“ 323 "
H K l. Cl C F JBS F CALC H K L G C F OBS F C, LC4 4 4 1 l. 5 37 3 85 7 4 7 1 7 . 4 5 5 924 4 5 1 10 14 9 44 7 . 4 a 9 49 10 464 4 6 1 9 62 ô 76 7 4 9 1 6 71 9 384 . 4 7 1 8 66 a 05 7 4 10 1 18 00 174 294 4 3 1 L 3 65 7 55 7 4 11 1 L 1 3 75 894 4' 9 1 7 50 10 98 7 4 1 z 7 86 9 204 4 10 1 L 3 67 28 8 4 0 1 1 2 45 0 074 4 11 1 a 34 i> 66 a 4 1 1 15 93 13 544 4 12 1 L 4 l u 5 49 a 4 4 1 10 91 9 344 4 13 1 L 3 58 2 32 a 4 5 1 11 85 14 205 4 0 1 L 1 74 1 29 a 4 6 1 7 9 0 4 515 4 1 8 01 7 57 a 4 7 1 12 96 1 6 035 4 2 1 6 59 6 82 a 4 a 1 10 62 a 885 4 3 1 10 25 9 55 a 4 10 1 L 3 63 6 515 4 4 1 y 73 4 50 8 4 11 1 ô 42 4 1 45 4 5 1 11 02 11 06 8 4 12
0
1 L 2 51 'S 845 4 6 1 10 07 7 45 9 4 1 L 7 62 1 805 4 7 1 9 50 7 49 9 4 1 12 0 2 1 0 1 45 ‘ 4 a 1 8 17 11 58 9 4 2 1 16 57 17 125 4 9 1 7 51 5 87 9 4 3 1 L 1 3 74 7 9 35 4 10 1 6 41 10 39 9 44 4 6 56 9 195 4 11 1 8 75 y 98 9 5 1 11 31 a 115 4 12 1 L 3 37 2 36 V 4 6 1 10 02 y 465 4 13 1 l 3 36 5 23 9 4 7 a 2263
a 7%6 4 0 1 L 3 30 4 50 9 4 8 1 L 3 11 626 4 1 1 9 04 9 65 9 4 9 1 9 22 406 4 2 1 12 10 15 47 9 4 10 1 L 5 66 0 936 4 3 1 10 36 ü 77 9 4 11 1 9 66 5 666 4 4 1 L 3 54 7 10 9 4 12 1 10 70 2 69C» 4 5 y 28 9 78 1 0 4 0 1 0 96 0 986 4 6 1 l 3 64 6 01 . 10 4 1 1 14 5 c 1 2 18ô 4 7 1 10 47 12 01 10 4 2 15 25 12 536 4 8 1 7 25 10 9 p 1 0 4 3 1 L 5 58 3 496 4 9 1 L 3 36 12 85 10 4 4 1 L 4 2& ë 036 4 10 1 9 64 7 81 10 . 4 5 1 22 30 25 016 4 11 1 b 46 4 74 . 10 4 6 11 04 1 u 35
9 4 12 1 L 3 40 5 54 10 4 7 1 5 15 a 236 4 13 1 0 93 7 52 10 4 a 1 L 5 46 5 3r»7 4 0 1 a 42 5 56 10 4 0 1 9 90 4 067 4 1 1 40 7 65 10 4 10 1 5 88 q 247 4 2 1 13 54 11 1 0 4 11 1 L 5 ■34 ‘i 267 4 3 1 10 35 y 08 11 4 0 12 78 13 287 4 4 1 L 3 46 5 34 . 11 4 1 1 L 5 54 ë 397 4 5 1 7 02 10 37 11 4 2 1 a . 5 5 C) 577 4 6 1 U 1 90 4 93 11 4 3 1 5 . 70 5 55
- 324 ~
H K L G C F OBS F CALC H K L G C F OBS F CALC11 4 4 1 11 . 0 3 12 , 59 1 5 - 4 6 1 L 3 49 5 , 0 111 4 5 1 L 3 74 8 63 15 4 7 1 L 3 45 3711 4 6 1 26 01 2 " 84 15 4 8 1 L 4 28 8 , 8 ?11 4 7 1 9 86 11 39 1 6 4 0 1 l 3 59 3 , 5 011 4 3 1 19 13 9 31 16 4 1 1 L 3 53 4 , 2 811 4 9 1 L 3 61 4 56 16 4 2 1 7 80 4 , 7 311 4 10 1 ù 32 2 90 1 6 4 3 1 6 77 6 . 5 411 4 11 1 T 39 4 73 1 6 4 4 1 5 88 ‘5 ,1 212 4 0 1 L 4 71 1. 43 1 6 4 5 1 L a 59 4 . 4 71 Z 4 1 1 L 3 34 4 55 1 6 4 6 1 5 38 0 , 8 0
12 4 Z 1 L 3 63 9 40 16 4 7 1 L 3 9 0 2 , 3 01 2 4 s 1 V 27 6 14 17 4 0 1 L 1 86 1 , 9 61 Z 4 4 1 12 85 C> 9T 17 4 1 1 L 3 48 4 , 7 712 4 5 1 12 66 11 73 1 7 4 2 1 L 3 52 6 , 5 51 Z 4 6 1 U 86 11 19 17 4 3 1 L 4 09 2 , 6 812 4 ? 1 13 57 10 36 17 4 4 1 8 46 7 , 4 412 4 S 1 L 3 62 5 ao 17 4 5 3 37 4 , 7 512 4 9 1 > 83 7 69 i 7 4 6 1 l 3 20 5 , 8 712 4 1 0 1 7 11 5 22 18 4 0 1 L 5 34 3 ,  u 015 4 0 1 l 4 33 4 32 : 18 4 1 1 8 00 4 , 9 91 3 4 1 1 L 3 56 2 22 1 8 4 2 1 6 16 4 , 9 413 4 2 1 L 3 72 3 81 18 4 3 1 L 3 93 3 , 5 513 4 3 1 L 3 56 1 46 , 18 4 4 1 6 69 3 , 1 713 4 4 1 3 46 10 22 Q 5 0 1 L 1 92 5 , 3 515 4 5 1 12 81 14 55 0 5 2 1 L 2 98 1 4 , 2 513 4 6 1 9 20 7 44 0 5 6 1 L 4 75 1 3 , 9 513 4 7 1 7 34 5 26 Q 5 8 1 L 3 73 1 , 5 01 3 4 3 1 L 3 52 9 27 0 5 10 1 l 3 51 5 , 6 013 . 4 9 1 L 3 47 8 43 1 5 0 1 6 64 0 , 7 313 4 10 1 5 97 2 59 1 5 1^ 1 IV 86 Of 6 R14 4 0 a 68 4 67 1 5 6. 1 L 3 80 5 , 1 214 4 1 12 25 11 07 1 5 3 1 L 3 66 1 , 5 41 4 4 2 1 12 40 10 18 1 5 5 1 7 25 7 , 1 014 4 3 1 12 07 12 66 1 5 6 1 L 3 95 9,9%1 4 4 4 1 12 33 12 65 1 5 7 1 l 5 78 2, 0014 4 5 1 9 94 4 49 1 5 S 1 L 3 61 3 , 7 5i 4 4 6 1 7 au 10 18 1 5 9 1 L Z 65 . 7 , 0 114 4 7 1 L 3 52 0 21 1 5 10 1 L 3 35 5 , 1 514 4 9 1 l 3 48 3 06 2 S 0 1 L 3 76 7 , 7 9i 5 4 0 1 3 45 7 48 2 5 1 1 L 3 78 6 , 2 115 4 1 1 3 39 5 80 2 5 2 3 79 4 , 6 01'5 4 2 1 11 53 11 90 2 5 3 1 L 3 74 8 , 3 413 4 3 1 19 33 16 55 2 5 4 1 L 3 35 6 , 6 315 4 4 1 L 3 80 5 23 2 5 5 1 L 'y 71 1 , 8 915 4 5 1 L 3 51 5 62 2 S 6 3 75 y , 37
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H K L 6 C F OBS F CALC H K L G C F OBS F CALC
2 fi 7 1 L 3 . 73 7 46 7 5 1 1 7. 51 2 1 06
2 r> 8 1 L 3 5ü 1 22 7 • 5 2 1 7. 99 8 , 5 7
2 5 9 1 L 2 62 2 64 7 5 3 1 L 3 67 4 , 5 1
2 5 10 1 37 4 24 7 5 4 1 L 1 93 0 , 8 43 5 0 1 L 2 72 7 45 7 5 5 1 L 3 33 2 , 3 3
3 5 1 1 7 20 5 61 7 5 6 1 L 3 69 1 , 4 3
3 S Z 1 L 1Q
93 1 47 7 5 7 1 L 3 58 4 , 1 8
3 5 3 1 00 5 21 7 5 8 1 L 1 83 7,  03
3 5 6 • 1 L 3 78 5 . 0 7 5 9 1 L 3 64 7 , 0 9
3 5 4 1 L 3 36 6 24 3 5 0 1 L 2 74 2 , 4 13 5 S 1 9 09 5 65 6 5 1 1 5 48 4 , 7 9
3 5 ? 6 65 5 60 ! 8 5 2 1 L 2 74 Ü. 8 5
3 3 8 1 L 3 56. 1 29 , 8 5 4 1 L 3 64 9 , 7 63 5 9 5 84 2 92 8 5 5 1 L 3 79 9 , 0 5
3 5 10 î U 3 40 4 35 8 5 6 1 9 25 5 , 0 6
4 5 1 1 L 2 73 10 37 8 5 7 1 5 87 5 , 4 2
4 5 2 1 L 4 06 14 91 3 5 8 1 L 3 47 4 , 9 3
4 5 3 1 L 4 33 1 44 8 5 9 1 L 3 31 2 , 6 0
4 5 4 1 9 50 3 69 9 5 0 1 L 3 80 8 , 5 8
4 5 5 1 l 3 87 5 10 9 5 1 1 L 3 59 4 , 0 6
4 5 6 1 L 3 70 5 46 9 5 2 9 25 7 , 7 7
4 5 7 1 7 41 11 66 9 5 4 L 3 59 4 , 0 1
4 S S 1 7 99 9 06 9 5 5 1 L 3 74 4 , 9 4
4 5 9 1 7 57 ô 21 9 5 6 1 L 3 48 5 , 1 0
4 5 10 1 7 06 5 96 9 5 7 1 L 3 51 2 , 4 0
5 5 0 1 8 43 10 30 9 3 8 1 L 3 40 4 , 1 85 5 3 1 L 3 88 11 04 1 0 3 1 1 L 5 76 7 . 1 15 5 4 1 L 3 36 4 42 10 S 2 1 L 1 91 6 , 8 85 5 5 1 0 71 6 55 10 5 3 1 L 3 73 6 , 6 8
5 5 6 1 L 3 69 1 21 10 5 4 1 9 26 5 , 0 25 5 7 1 L 3 55 4 36 ■ 10 5 5 1 L 3 53 4 , 9 3
5 5 8 1 L 3 62 1 66 10 5 6 1 L 3 18 4 , 6 1
5 5 9 1 L 2 57 Z 75 1 0 5 7 1 L 3 61 1 0 , 7 6
5 5 10 1 L 3 40 ■ 4 47 10 5 8 1 7 92 5 , 8 06 5 0 1 L 4 75 0 61 11 5 0 1 L 3 57 1 , 0 6
6 5 1 1 L 3 36 3 07 11 5 1 1 L 3 72 3 , 1 9<f 5 2 1 7 99 10 83 11 5 2 1 6 28 4 , 0 46 5 4 1 5 13 9 36 11 5 3 1 L 1 88 2 , 6 9
0 5 5 1 L 3 82 5 68 11 3 4 1 6 45 4 , 4 4
6 5 6 1 L 3 83 4 52 11 5 5 1 6 87 2 , 0 4
4 5 7 1 L 3 70 7 46 11 5 6 1 L 3 30 3 , 5 16 5 8 1 l  
1
2 62 7 55 11 5 ? 1 L 2 47 1 , 3 40 5 9 7 63 3 51 1 2 5 0 1 L 3 57 3 , 2 6
4 5 10 1 5 71 8 61 12 5 1 1 L 3 51 2 , 9 17 5 0 1 l 3 62 1 27 12 S n«4 1 L 3 6ü ; 2 , 7 6
- : % 6
H K L G C F OBS F CALC
12 5 3 1 I 3 66 9 , 6 8
12 5 4 1 L 5 54 7 , 2 7
12 . 3 5 1 L 3 35 . 1 , 2 3
12 5 6 1 L 2 47 5 , 8 8
i 3 5 0 1 6 35 1 , 5 113 5 1 1 L 3 51 2 , 7 3i 3 5 1 1 y 45 1 , 6 513 3 3 1 3 9 7 4 , 2 813 5 4 1 L 3 5 5 3 , 2 4
1 3 3 3 1 i 3 40 5 , 4 01 4 3 0 1 L 1 76 2 , 1  4i 4 3 1 1 L 4 35 7 , 5 814 3 2 1 L 4 99 5 , 1 01 4 3 3 1 6 75 6 , 0 50 6 0 1 I 3 86 2 , 9 20 6 2 1 L 3 55 2 , 9 9
0 6 4 1 L 3 70 9 , 7 3
1 6 0 1 6 38 5 , 6 1
1 6 1 1 a 01 0 , 3 91 6 2 7 S3 0 , 7 7
1 6 3 1 I 1 81 7 , 6 91 6 4 1 L 3 54 4 , 0 6
1 6 5 1 L 3 54 5 , 7 22 6 0 1 L 3 66 3 . 6 4z 6 1 1 L 3 62 5 , 1 5z 6 2 1 I, 3 66 0 , 4 6z 6 3 1 a 65 3 , 3 8z 6 4 1 L 4 70 1 , 3 1z . 6 5 5 50 5 . 5 23 6 0 1 L 3 67 5 , 4 43 6 1 1 L . 3 70 >, 313 6 2 1 L 3 72 7 , 6 0
3 6 3 1 7 40 6 , 7 63 6 4 1 I 3 55 3 , 5 0
3 6 5 1 I, ■ 3 4 4 9 , 6 04 6 0 1 L 3 45 5 , 2 0% 6 1 1 L 2 56 0 . 1 94 6 2 1 L 3 46 2 , 6 5
4 6 3 1 L 3 51 3 , 4 7
4 6 4 1 L 3 SO 5 , 285 6 0 1 I, 3 79 11, 295 6 1 1 7 17 5 , 9 05 6 2 1 5 65 6 , 5 45 6 3 1 9 15 4 , 0 75 6 4 1 L 3 41 3 , 8 5
H K U G c F CBS F CALC
6 . 6 0 1 I, 3 . 5 0 4 , 8 56 6 1 1 I. 3 . 7 3 0 , 2 60 6 z 1 u 3 . 4 8 3 , 0 26 6 3 1 5 . 7 6 6 , 4 17 6 0 1 1 1 . 5 7 3 , 807 . 6 1 1 I. 3 . 4 5 6 , 0 97 6 2 1 I 5 , 5 6 6 . 7 7
327 -
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